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Abstract	Crowding	 is	 the	 deleterious	 effect	 of	 nearby	 objects	 on	 object	 recognition	 in	 the	peripheral	 (Pelli,	 2008).	 	 In	 three	 visual	 search	 experiments	 the	 contribution	 of	 visual	crowding	to	reaction	time	performance	in	an	efficient	search	task	was	evaluated	by	varying	the	 factors	 known	 to	 affect	 the	 strength	 of	 crowding:	 	 spacing	 between	 objects	 and	similarity.	 	 Traditionally,	 pop-out	 search	 is	 believed	 to	 isolate	 the	 first	 stage	 of	 visual	processing	and	has	been	characterized	as	producing	shallow	search	slopes	(<10	ms/item),	which	are	independent	of	set	size.		Recent	results	from	our	lab	suggest	discrimination	pop-out	 search	 has	 a	 logarithmic	 relationship	 between	 reaction	 time	 and	 set	 size,	 which	 is	modulated	by	 the	 lure-target	 similarity	 (Buetti	 et	 al.,	 in	 press).	 	 These	 results	 have	been	interpreted	 as	 resulting	 from	 the	 first	 stage	 of	 visual	 processing	 that	 is	 exhaustive,	unlimited-in-capacity	and	resolution	limited.		Items	sufficiently	dissimilar	to	the	target	are	rejected	by	stage-one	processing,	and	items	sufficiently	similar	to	the	target	are	inspected	with	focused	attention.		Here	we	ask	if	the	limitation	in	resolution	in	stage-one	processing	is	 a	 result	 of	 crowding	 and	 evaluate	 the	 contribution	 of	 crowding	 to	 our	 previous	logarithmic	 search	 slope	 findings.	 In	 three	 experiments	 reaction	 time	 performance	 was	compared	on	 two	possible	display	 types	which	differed	 in	 the	 spatial	 arrangements.	The	results	 from	 three	 experiments	 converge	 on	 the	 same	pattern	 of	 results:	 	 reaction	 times	increased	 logarithmically	with	 set	 size	 and	were	modulated	 by	 lure-target	 similarity	 for	both	display	types.			
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Introduction	Similarity	is	a	ubiquitous	cognitive	construct	used	in	varies	facets	of	psychology.		In	cognitive	psychology	similarity	is	used	to	describe	related	concepts	and	how	they	may	influence	processing	of	another	item	in	terms	of	memory	or	learning.		Similarity	between	concepts	can	be	used	to	acquire	new	knowledge,	for	instance	when	learning	occurs	by	use	of	analogies;	using	familiar	knowledge	and	correspondence	between	concepts	to	draw	inferences	about	the	unknown	(Medin	&	Ross,	2001).		Similarity	also	can	influence	retrieval	of	information.		For	instance,	when	subjects	are	shown	a	series	of	words	and	asked	to	remember	them,	a	concept	related	to	the	presented	words	is	more	likely	to	be	recalled	as	a	presented	word	then	a	conceptually	unrelated	word	(Fabiani,	Stadler	&	Wessels,	2000).		
Visual	similarity	can	be	used	to	help	select	objects	for	further	interaction	(Buetti,	Cronin,	Madison,	Wang	&	Lleras,	in	press;	Duncan	&	Humphreys,	1989).		Visual	similarity	can	facilitate	selection	when	items	are	dissimilar	or	hinder	performance	with	increased	similarity.		Take	for	instance	when	you	are	looking	for	your	keys	in	the	morning.		You	might	be	more	likely	to	mistake	another	set	of	similarly	looking	keys	as	your	own	than	the	milk	carton	siting	beside	the	keys.		The	influence	of	visual	similarity	on	behavioral	performance	has	been	well	documented	in	several	prominent	literatures:		inattentional	blindness	(Most,	Scholl,	Clifford	&	Simons,	2005),	flanker	interference	effects	(Eriksen	&	Eriksen,	1974),	crowding	(Andriessen	&	Bouma,	1976;	Nazir,	1992;	Kooi,	Tripathy	&	Levi,	1994;	Zhang	&	Houstein,	2014),	and	visual	search	(Alexander	&	Zelinksy,	2012,	Becker,	2011,	Duncan	&	Humphreys,	1989;	Farmer	&	Taylor,	1980;	Hoffman,	1975,	1979;	Santhi	&	Reeves,	2004).		 	
Visual	search	is	an	influential	laboratory	paradigm	used	to	study	visual	selection.		A	typical	visual	search	task	involves	a	subject	searching	for	a	target	among	other	non-target	
	 2	objects.		Common	manipulations	in	search	tasks	are	to	vary	the	similarity	of	the	non-target	objects	in	relation	to	the	target	and	the	number	of	items	on	the	display,	referred	to	as	set	size	(Alexander	&	Zelinksy,	2012;	Becker,	2011;	Duncan	&	Humphreys,	1989;	Farmer	&	Taylor,	1980;	Hoffman,	1975,	1979;	Palmer,	1987;	Santhi	&	Reeves,	2004;	Treisman	&	Gelade,	1980;	Wan	&	Lleras,	2010;	Wolfe,	1994).		Typically,	search	efficiency	is	evaluated	by	the	change	in	reaction	time	(RT)	as	a	function	of	set	size;	commonly	referred	to	as	the	search	slope	(Duncan	and	Humphreys,	1989;	Eckstein,	2010;	Wolfe,	1998).		In	addition	to	the	influences	of	target	similarity	on	RT	performance,	others	have	found	influences	of	familiarity	(Wang,	Cavanagh	&	Green,	1994)	and	category	of	non-target	items	(Jonides	&	Gleitman,	1972).		
Search	 slopes	 traditionally	 have	 been	 used	 to	 infer	 the	 underlying	 visual	 processing	during	a	search	task.	Often,	visual	search	is	described	as	being	either	efficient	or	inefficient	(Treisman	 &	 Gelade,	 1980;	 Treisman	 &	 Gormican,	 1988).	 	 A	 standard	 interpretation	 of	search	 slopes	 is	 as	 follows:	 linear	 search	 slopes	 less	 than	 10	 ms/item	 are	 considered	efficient	and	are	evidence	of	parallel	processing,	whereas	linearly	increasing	search	slopes	greater	than	10	ms/item	are	considered	inefficient	and	are	interpreted	as	evidence	of	serial	processing	 (Treisman	 &	 Gelade,	 1980;	 Treisman	 &	 Gormican,	 1988;	 Treisman	 &	 Sato,	1990).	 	 Today,	 many	 consider	 this	 dichotomy	 as	 being	 more	 of	 a	 continuum	 of	 search	efficiency	(Wolfe,	1998;	Eckstein,	2011,	but	see	Haslam,	Porter	&	Rothschild,	2001).			
The	 literature	using	visual	 search	as	a	 tool	 to	 study	visual	 attention	has	by	and	 large	converged	on	the	idea	of	visual	processing	occurring	in	two	sequential	stages	(Bundesen,	1990;	Duncan	&	Humphreys,	1989;	Hoffman,	1979;	Treisman	&	Gelade,	1980;	Wolfe,	1994;	although	see	Verghese,	2001).			The	first	stage	unfolds	in	parallel,	such	that	at	all	locations,	
	 3	items	are	simultaneously	processed	with	unlimited	capacity	(see	Buetti	et	al.,	in	press).	The	second	stage	unfolds	serially,	such	that	one	or	possibly	a		few	items	are	processed	at	a	time	with	 limited	 capacity	 (Hoffman,	 1979;	 Jonides,	 1983;	 Neisser,	 1964;	 Itti	 &	 Koch,	 2000;	Treisman	&	Gelade,	1980;	Wolfe,	1994,	Zelinsky,	2008).			
Traditionally,	two	classes	of	search	tasks	have	been	employed	to	study	the	two	stages	of	processing:	feature	search,	which	is	believed	to	isolate	the	parallel	stage	of	processing,	and	conjunction	search,	which	tracks	the	serial	stage	of	processing.		Feature	search,	commonly	referred	to	in	the	literature	as	pop-out	search,	refers	to	a	visual	search	tasks	which	requires	search	for	a	target	with	one	unique	feature	among	non-target	objects	which	do	not	contain	the	 unique	 feature	 (Tresiman	&	 Gelade,	 1980;	 Tresiman	&	 Gormican,	 1988;	 Tresiman	&	Souther,	1985).	 	Pop-out	 search	 is	 commonly	 reported	 in	 the	 literature	as	producing	 flat	search	 slopes	 considered	 to	 be	 in	 the	efficient	 search	 range	 (<10ms;	Tresiman	&	Gelade,	1980	&	Treisman	&	Gormican,	1988;	Treisman	&	Sato,	1990).	 	Following	 these	results,	 it	has	 been	 suggested	 RT	 performance	 in	 pop-out	 search	 is	 unaffected	 by	 set	 size.	 	 This	follows,	 as	 the	 target	 is	 so	 different	 from	 the	 other	 non-target	 objects	 that	 search	 is	influenced	 by	 bottom-up	 influences,	 such	 as	 a	 saliency	map,	 producing	 a	 contrast	 signal	(Itti	&	Koch,	2000	&	2001;	Wolfe,	1994).	 	Conjunction	search,	on	the	other	hand,	requires	subjects	to	search	for	a	target	with	features	shared	with	the	non-target	objects.		In	contrast	to	 feature	 search,	 conjunction	 search	 is	 believed	 to	 require	 the	 serial	 inspection	 of	individual	items	in	the	display,	and	thus,	the	number	of	items	on	the	display	influences	RTs	linearly	(Duncan	&	Humphreys,	1989;	Treisman	&	Gelade,	1980;	Wolfe,	1994).		
Contrary	 to	 the	popular	credence	of	 flat	search	slopes	 from	a	pop-out	search	task,	Buetti	et	al.,	(in	press)	showed	evidence	of	search	slopes	increasing	logarithmically	with	set	
	 4	size.	 	 They	 demonstrated	 through	 mathematical	 modeling	 that	 the	 logarithmic	 search	slopes	 were	 the	 result	 of	 parallel,	 unlimited	 capacity	 processing	 with	 an	 exhaustive	stopping	 rule,	 occurring	 during	 stage	 one 1 .	 	 These	 results	 were	 found	 using	 RT	performance	 from	a	series	of	efficient	discrimination	search	 tasks,	where	subjects	had	 to	report	 the	 orientation	 of	 a	 unique	 target	 (i.e.	 a	 red	 triangle	 amongst	 orange	 diamonds,	yellow	 triangles	 or	 blue	 circles).	 	 Buetti	 et	 al.,	 proposed	 to	 refer	 to	 stage	 one	 as	 the	Screening	stage	and	stage	two	as	the	Scrutiny	stage.		During	Screening	a	binary	decision	is	made	at	each	location	indicating	whether	the	 item	at	that	 location	is	sufficiently	different	from	 the	 target	 to	warrant	 being	 discarded.	 	 Due	 to	 resolution	 limitations	 in	 peripheral	vision,	when	items	are	too	similar	to	the	target,	a	more	precise	scrutiny	of	the	information	at	that	location	is	required	to	determine	whether	the	item	is	indeed	the	target.		This	second	stage	 of	 processing	 unfolds	 with	 limited	 capacity	 in	 serial	 manner,	 and	 with	 a	 self-terminating	stopping	rule,	meaning	it	terminates	upon	completing	processing	of	the	target	item.	 	 Importantly	 this	 stage	 is	 resolution	 unlimited,	 which	 means	 that	 Scrutiny	 can	
																																																									
1	The	logarithmic	search	slopes	findings	are	consistent	with	Townsend	and	Ashby’s	(1983)	prediction	of	an	unlimited	capacity,	parallel,	and	exhaustive	process.	 	The	term	‘unlimited	capacity’	refers	to	the	fact	that	the	rate	of	processing	of	individual	items	is	not	dependent	on	 the	 total	 number	 of	 items	 that	 must	 be	 processed.	 	 ‘Parallel’	 refers	 to	 simultaneous	processing	of	all	the	items	in	the	display.	Some	items	may	finish	processing	before	others.		The	 term	 ‘exhaustive’	 refers	 to	 the	 stopping	 rule	of	 the	process.	 	An	exhaustive	 stopping	rule	indicates	that	processing	continues	until	all	the	items	are	completely	processed	(even	after	the	target	has	been	processed).			 	
	 5	distinguish	between	 items	that	are	sufficiently	similar	 to	 the	 target	 from	the	 target	 itself.		Within	the	framework	proposed	by	Buetti	et	al.	(in	press),	stimuli	can	be	classified	based	into	two	classes:	lures	and	candidates.		Stimuli	that	are	sufficiently	dissimilar	to	the	target	and	do	not	require	Scrutiny	we	refer	to	as	 lures.	 	Stimuli	which	are	sufficiently	similar	to	the	target	and	require	focused	attention	to	determine	if	the	item	is	a	target	or	not	we	refer	to	as	Candidates	(see	also	Lleras,	Buetti	&	Mordkoff,	2013;	Neider	&	Zelinsky,	2008;	Wolfe,	Võ,	Evans	&	Greene,	2011)	 .	 	 In	terms	of	a	two-stage	model	of	attention,	 lures	stimuli	are	process	by	stage	one,	but	not	stage	two.		Whereas	candidates	are	processed	by	both	stage	one	and	stage	two.			
Furthermore,	 Buetti	 et	 al.	 (in	 press),	 demonstrated	 that	 the	 logarithmic	 search	slopes	 are	 modulated	 by	 the	 similarity	 of	 the	 lures	 to	 the	 target.	 	 Using	 computational	models,	we	showed	the	magnitude	of	the	logarithmic	slope	corresponds	to	the	amount	of	perceptual	 evidence	 needed	 to	 decide	whether	 or	 not	 to	 screen	 out	 the	 item.	 Therefore,	differences	 in	 logarithmic	 slopes	 across	 lure	 types	 index	 differences	 in	 lure-target	similarity.	 In	 Experiment	 1A,	 subjects	 had	 to	 search	 for	 a	 red	 triangle	 target	 amongst	orange	 diamonds,	 yellow	 triangles	 or	 blue	 circles.	 	 The	 orange	 diamonds	 were	 highly	similar	 to	 the	 red	 triangle	 target	 and	 thus,	 produced	 the	 steepest	 logarithmic	 slope.	 The	blue	circles	were	the	most	dissimilar	item	and	produced	the	smallest	logarithmic	slope.		In	Experiment	 1B,	 the	 target	 was	 a	 blue	 semi-circle	 amongst	 the	 same	 lures	 used	 in	Experiment	1A.	 	 The	pattern	of	 results	 from	Experiment	1B	was	 the	opposite	 of	 the	one	found	 in	 Experiment	 1A,	 with	 blue	 circles	 producing	 the	 steepest	 logarithmic	 slope	 and	orange	diamonds	the	smallest.		These	results	are	consistent	with	the	idea	that	the	amount	of	 evidence	 needed	 to	 reject	 an	 item	 depends	 on	 lure-target	 similarity.	 Furthermore,	
	 6	evidence	 from	 these	 studies	 highlighted	 the	 importance	 of	 the	 logarithmic	 functions	 in	providing	meaningful	 insight	 into	 the	 extent	 each	 item	was	 processed	 by	 the	 first	 stage.		Madison,	 Buetti	 and	 Lleras	 (2014,	 2015)	 predicted	 reaction	 time	 performance	 of	heterogeneous	lure	displays	composed	of	combinations	of	those	previously	used	lure	items	using	the	logarithmic	search	slopes	from	homogeneous	lure	displays.	 	These	data	suggest	that	 regardless	 of	 what	 other	 items	 are	 present	 in	 the	 display,	 the	 logarithmic	 slope	obtained	 with	 homogeneous	 displays	 is	 a	 meaningful	 estimate	 of	 lure-target	 similarity	across	contexts.		
Crowding.	 A	pervasive	and	limiting	part	of	our	experience	and	recognition	of	the	world	around	us	is	crowding.		Crowding	is	commonly	recognized	as	the	deleterious	effect	of	near-by	 objects	 in	 periphery	 on	 object	 recognition	 and	 indicates	 a	 fundamental	 constraint	 on	vision	 (Levi,	 2008;	 Pelli,	 2008;	 Pelli,	 Palomares	 &	 Majaj,	 2004;	 Pelli	 &	 Tillman,	 2008;	Whitney	&	Levi,	2011).		From	driving	on	the	road	to	reading,	crowding	can	limit	our	ability	to	 distinguish	 objects	 or	 characters	 that	 may	 clutter	 each	 other	 due	 to	 their	 spatial	proximity.	 	Bouma’s	critical	work	on	crowding	 in	 letter	 recognition	provided	 insight	 into	the	 extent	 of	 spatial	 interactions	 in	 the	 periphery,	 producing	 the	 idea	 of	 critical	 spacing	(Bouma,	1970).			
Critical	 spacing	 is	 commonly	 referred	 to	 the	 distance	 at	 which	 objects	 no	 longer	have	a	deleterious	effect	on	performance,	and	can	be	described	by	Bouma’s	Law	(Bouma,	1970;	Freeman	&	Pelli,	2007;	Levi,	2008;	Pelli,	2008;	Pelli	&	Tillman,	2008).		Bouma	(1970)	systematically	varied	the	distance	of	adjacent	letters	and	compared	recognition	of	a	flanked	letter	to	presentation	of	the	single	letter	alone.		Once	the	distance	between	items	produced	similar	 levels	 of	 recognition	 as	 a	 single	 item,	 this	 was	 defined	 as	 the	 extent	 of	 spatial	
	 7	interaction,	 also	 referred	 to	 as	 critical	 spacing.	 	 Bouma’s	 Law	 states	 the	 critical	 spacing	between	two	objects	in	the	visual	field	increases	with	eccentricity,	and	in	general	it	is	about	half	of	 the	eccentricity	of	 the	 target	object	 (Bouma,	1970;	Levi,	2008;	Pelli,	 2008;	Pelli	&	Tillman,	2008;	Toet	&	Levi,	1992).		Critical	spacing	is	typically	measured	by	the	center-to-center	spacing	between	objects	(although	see	Rosen,	Chakravarthi	&	Pelli,	2014).	Toet	and	Levi	 (1992)	 demonstrated	 that	 critical	 spacing	 is	 not	 the	 same	 across	 all	 directions	 and	positions	in	the	visual	field,	with	larger	critical	spacing	found	for	items	that	are	positioned	radially	 (0.5	 x	 eccentricity)	 around	 the	 target	 compared	 to	 tangentially	 positioned	 items	(0.1	 x	 eccentricity).	 	 Crowding,	 however,	 can	 be	 prevented	 by	 using	 Bouma’s	 Law	 to	construct	 displays	 with	 adequate	 spacing	 between	 objects	 to	 minimize	 the	 effects	 of	crowding	(Pelli	&	Tillman,	2008).		Furthermore,	the	extent	of	spatial	interactions	between	objects	does	not	seem	to	be	affected	by	target	size	(Tripathy	&	Cavanagh,	2002).		
In	addition	to	inter-item	distance,	crowding	experiments	have	also	manipulated	the	similarity	 of	 the	 items	 (Andriessen	&	Bouma,	 1976;	 Ester,	 Ziber	&	 Serences,	 2015;	Kooi,	Toet,	Tripathy	&	Levi,	1994;	Nazir,	1992;	Põder,	2007;	Zahabi	&	Arguin,	2014).	The	more	similar	a	flanking	item	is	to	the	target,	the	stronger	the	affect	of	crowding	on	recognition.		Previous	results	have	found	that	when	items	are	very	dissimilar	from	the	target,	as	in	pop-out	search,	the	spatial	interaction	is	reduced	(Kooi	et	al.,	1994;	Põder,	1997),	which	may	be	due	to	a	decrease	in	critical	spacing	(Scolari,	Kohnen,	Barton	&	Awh,	2007).		Nazir	(1992)	evaluated	 the	 effect	 of	 form-	 and	 size-similarity	 of	 flanking	 objects	 on	 identification	 of	 a	Landolt	ring.	 	Flanking	objects	could	be	an	 ‘O’	 (similar	size	and	form),	an	 ‘E’	 (similar	size	different	form)	or	a	bar	(different	size	and	form).		When	the	Landolt	ring	was	flanked	by	an	‘O’,	performance	deteriorated	by	79%	compared	to	58%	when	the	object	was	an	‘E’.		Kooi	
	 8	et	al.	conducted	a	series	of	studies	evaluating	the	role	of	low	lever	features,	such	as	contrast	polarity,	shape	or	orientation,	on	identification	of	a	T	flanked	by	three	other	T’s.		The	result	indicated	that	differences	in	contrast	polarity,	shape	and	orientation	of	the	flanking	objects	compared	 to	 the	 target	 results	 in	 improved	 recognition	 performance	 (Kooi	 et	 al.,	 1994).		Põder	 (2007)	 also	 found	 an	 effect	 of	 similarity	 on	 crowding	 showing	 a	 reduction	 in	crowding	effects	when	the	target	was	a	different	color	from	distractors	or	was	positioned	on	a	different	 colored	blob	where	other	objects	were	not	presented	on	a	 colored	blob	 .	 .		Furthermore,	 work	 using	model	 comparisons	 to	 evaluate	 the	 critical	 spacing	 between	 a	pop-out	 and	 non-pop	 out	 search	 indicated	 that	 critical	 spacing	 is	 reduced	 in	 pop-out	search,	such	that	items	in	pop-out	can	have	a	smaller	inter-item	spacing	than	non-pop	out	search	to	produce	the	same	level	of	performance	(Scolari,	Kohnen,	Barton	&	Awh,	2007).		
Although	 crowding	 is	 a	 well-established	 visual	 phenomena,	 a	 fundamental	understanding	of	the	mechanisms	underlying	crowding	is	still	lacking	(Pelli,	2008;	Tripathy	&	 Cavanagh,	 2002).	 	 Prominent	 explanations	 suggest	 crowding	 is	 the	 result	 of	 the	resolution	 of	 spatial	 attention	 (He,	 Cavanagh,	 Intiligator,	 1999;	 Intiligator	 &	 Cavanagh,	2001),	 feature	 pooling	 (Balas,	 Nakano	 &	 Rosenholtz,	 2009;	 Parkes,	 Lund,	 Angelucci	Soloman	 &	 Morgan,	 2001;	 Pelli	 &	 Tillman,	 2008;	 	 Rosenholtz,	 Huang,	 Ehinger,	 2012;	Rosenholtz,	 Huang,	 Raj,	 Balas	 &	 Illie,	 2012),	 or	 probabilistic	 substitution	 (Ester,	 Klee,	 &	Awh,	2014;	Ester	et	al.,	2015).			Intiligator	and	Cavanagh	(2001)	proposed	crowding	results	from	 limits	 in	 the	 resolution	 of	 spatial	 attention	 in	 the	 periphery.	When	 two	 objects	 fall	within	 the	same	receptive	 field,	attention	 is	 required	 to	resolve	competition	between	 the	two	 objects	 (Desimone	&	 Duncan,	 1995).	 	 Intriligator	 and	 Cavanagh	 proposed	 crowding	results	when	two	objects	are	positioned	closer	than	the	critical	spacing,	the	objects	cannot	
	 9	be	 individuated.	 Thus,	 critical	 spacing	 reflects	 the	minimum	 size	 of	 the	 spatial	 attention	window.	 	 Importantly,	 by	 this	 account,	 crowding	 takes	 place	 at	 a	 stage	 subsequent	 to	feature	detection,	or	stage-one	processing,	and	occur	at	the	feature	integration	stage,	stage	two	processing.					
Proponents	 of	 pooling	 models,	 such	 as	 Pelli	 and	 colleagues,	 propose	 features	 are	compulsory	 amalgamated	 within	 an	 integration	 field,	 which	 vary	 as	 a	 function	 of	eccentricity	(Pelli	&	Tillman,	2008;	Pelli	et	al.,	2004).		Integration	fields	closer	to	the	fovea	are	smaller,	thus	they	integrate	featural	information	over	a	smaller	area	of	space	resulting	in	 less	 crowding.	 	 As	 a	 result,	 at	 close	 eccentricities,	 objects	 can	 be	 more	 easily	individuated.		Integration	fields	in	the	periphery	cover	a	larger	area	of	space,	and	as	such	it	is	more	likely	that	multiple	objects	can	fall	within	the	same	field.	 	Pooling	models	suggest	crowding	emerges	during	feature	integration	from	the	obligatory	averaging	of	features,	not	from	feature	detection.		Computational	(Balas	et	al.,	2009;	Parkes	et	al.,	2001;	Rosenholtz	et	al.,	2012a,b)	and	population	coding	(van	den	Berg,	Roerdink	&	Croneliseen,	2010)	models	of	 feature	pooling	have	been	developed	as	well.	 	Finally,	substitution	models	of	crowding	suggest	spatial	uncertainty	exists	within	crowded	regions,	and	results	in	the	substitution	of	a	 distractor	 for	 the	 target	 on	 a	 subset	 of	 trials.	 	 This	 theory	 suggests	 that	 although	individual	feature	values	can	be	accessed	inside	the	crowding	region,	these	values	are	not	bound	to	specific	spatial	 locations,	and	result	 in	the	substitution	of	the	distractor	identity	instead	of	the	target	(Ester	et	al.,	2014,	2015).		Evidence	in	favor	of	this	theory	comes	from	evaluation	of	the	distribution	of	reported	errors	on	an	orientations	task,	and	reveals	a	bi-modal	distribution	of	errors	around	 the	 target	orientation	and	 the	distractor	orientation.		These	 results	 are	 contrary	 to	 predictions	 of	 pooling	 models	 that	 would	 suggest	 the	
	 10	distribution	of	reported	errors	should	center	on	the	average	of	 the	distractors	and	target	orientations.		
Despite	 the	 differences	 between	 theories	 of	 crowding	 all	 theories	 make	 similar	predictions	regarding	the	role	of	crowding	on	pop-out	search;	crowding	should	be	reduced	and	 contribute	 less	 to	 performance	 than	 a	 non-pop-out	 task.	 	 That	 is,	 the	 resolution	 of	attention	theory	suggests	that	if	selection	can	occur	by	feature	and	not	location,	such	as	in	pop-out	 search,	 the	 task	 should	 have	 a	 reduced	 effect	 crowding.	 	 Pooling	models	would	suggest	a	similar	explanation;	pop-out	search	can	be	resolved	by	feature	detection,	and	that	a	 unique	 target,	 such	 as	 a	 pop-out,	 would	 elicit	 a	 large	 deviation	 in	 summary	 statistics.		Furthermore,	results	from	probabilistic	substitution	suggest	the	amount	of	reported	errors	around	 distractor	 orientations	 are	 attenuated	 in	 pop-out	 search	 tasks	 compared	 to	 non-pop-out	search.		Thus,	we	may	expect	to	find	a	small	effect	of	crowding	pop-out	search.		 	
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Experimental	rationale	Here	we	manipulated	 the	 lure-target	 similarity	 and	 critical	 spacing,	 factors	 known	 to	affect	 the	 strength	 of	 crowding,	 to	 evaluate	 the	 role	 of	 crowding	 in	 our	 previous	 visual	search	displays.		If	crowding	is	related	to	the	resolution	limitation	in	stage-one	processing,	one	would	expect	under	conditions	of	adequate	inter-item	spacing	between	search	objects	crowding	 would	 be	 minimized	 (Bouma,	 1970).	 	 As	 a	 result	 RT	 performance	 would	 be	unaffected	by	set	size	(i.e.	produce	flat	search	slopes).		We	expect	the	manipulation	of	inter-item	spacing	to	reduce	(minimizing	crowding)	to	allow	for	more	efficient	processing	of	the	lure	items,	as	we	would	have	reduced	the	contribution	of	crowding	on	reaction	times	(RTs).	
Three	experiments	were	conducted	to	evaluate	 the	role	of	crowding	during	stage-one	processing,	in	a	fixed	target	discrimination	task.		This	is	the	same	search	task	as	in	Buetti	et	al.	 (in	 press).	 Participants	 were	 asked	 to	 find	 a	 red	 triangle	 and	 report	 its	 orientation.		Three	 important	 design	 elements	 were	 included	 from	 Buetti	 et	 al.	 (in	 press)	 and	 in	Madison,	Lleras	and	Buetti	(2014,	2015):		(1)	inclusion	of	multiple	set	sizes	that	spanned	a	large	range	(1-32	 items),	(2)	manipulation	of	 lure-target	similarity,	and	(3)	 inclusion	of	a	target-only	condition.		Here,	we	manipulated	the	spatial	arrangement	of	items	such	that	on	half	of	the	trials	items	were	presented	in	a	rectangular	grid	(as	in	Buetti	et	al.,	in	press)	and	on	the	other	half,	 items	were	presented	 following	a	concentric	arrangement	where	 inter-item	spacing	was	always	larger	than	the	critical	spacing	(so	as	to	minimize	crowding	in	the	display).		Three	experiments	were	conducted	which	varied	according	to	the	levels	of	lure-target	 similarity	 tested.	 	 Importantly,	 within	 each	 experiment	 the	 trials	 were	 randomly	generated	 and	 not	 blocked,	 meaning,	 subjects	 could	 get	 a	 different	 type	 of	 lure	 and	different	spatial	arrangement	from	one	trial	to	the	next.		Here	RT	performance	was	used	as	
	 12	the	 main	 dependent	 variable	 of	 interest.	 	 Traditionally,	 measures	 such	 as	 accuracy	 and	contrast	threshold	have	been	used	to	evaluate	the	effect	of	crowding.		However,	Zahabi	and	Arguin	(2014)	demonstrate	RT	can	be	used	as	a	dependent	measure	in	studying	crowding.		The	 aim	of	 these	 three	 experiments	was	 to	 evaluate	 the	 contribution	of	 crowding	 in	our	previously	used	visual	search	displays	and	to	test	hypothesis	that	if	the	logarithmic	search	slopes	were	the	result	of	crowding,	under	conditions	of	minimized	crowding	search	slopes	should	be	linear.			 		 	
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Experiment	1-	Methods	The	goal	of	this	experiment	was	to	evaluate	the	extent	or	contribution	of	crowding	on	stage-one	 processing	 in	 parallel	 search.	 	 Display	 Type	 (Grid	 vs.	 Concentric)	 was	manipulated	 to	compare	search	performance	when	 items	had	 the	possibility	of	crowding	each	other	(Grid)	compared	to	when	crowding	was	minimized	(Concentric)	(Bouma,	1970;	Pelli,	2008;	Whitney	&	Levi,	2011).		Given	that	crowding	should	slow	search	efficiency,	we	expected	 the	Concentric	display	 to	produce	shallower	search	slopes.	 	 In	other	words,	 the	Grid	display	should	have	larger	(i.e.,	steeper)	logarithmic	search	slopes	than	the	Concentric	displays.		However,	if	crowding	is	a	limiting	factor	in	the	parallel	search	tasks	that	we	have	investigated	 in	 the	 past,	 and	 moreover,	 is	 responsible	 for	 the	 logarithmic	 nature	 of	 the	search	 functions	 in	 Buetti	 et	 al.	 (in	 press),	 then	 once	 crowding	 is	minimized	 the	 search	slopes	 in	 Concentric	 displays	 might	 then	 be	 best	 approximated	 by	 the	 linear	 search	functions.		
Subjects.	 	 All	 subjects	 completed	 the	 experiment	 in	 exchange	 for	 course	 credit	 in	 a	Psychology	class.	 	Data	 from	the	 first	 twenty	subjects	meeting	the	 inclusion	criteria	were	analyzed:	subjects	were	replaced	for	overall	performance	below	90%	accuracy	or	who	had	mean	RTs	higher	than	2	times	the	standard	deviation	of	the	mean	RT	for	the	group.	 	This	resulted	in	two	subjects	being	replaced:	one	subject	due	to	high	error	rate	(>10%)	and	one	subject	due	 to	excessively	 long	RTs	 (>2	STD	above	 the	overall	mean	 response	 time).	 	All	subjects	were	tested	for	color	blindness	using	the	Ishihara	color	plates.		
Apparatus	 and	 stimuli.	 	 This	 experiment	 was	 run	 on	 PC,	 using	 Matlab,	 and	programmed	 with	 the	 Psychophysics	 Toolbox,	 version	 3	 (Brainard,	 1997;	 Pelli,	 1997).	
	 14	Subjects	were	seated	49	cm	from	a	20-inch	CRT	monitor	(20	degrees	of	visual	angle)	in	a	dimly	lit	room.		On	every	display,	all	items	subtended	.833	degrees	of	visual	angle.		Subjects	were	 asked	 to	 locate	 the	 target,	 a	 red	 triangle	 point	 to	 the	 left	 or	 right,	 and	 report	 it’s	orientation.		On	every	trial,	a	target	was	present	on	the	display.		Subjects	were	asked	to	use	the	pointer	and	middle	fingers	of	their	right	hand	to	press	the	left	and	right	arrow	keys	to	respond.	 	 Subjects	were	asked	 to	 respond	with	 the	 right	 arrow	key	when	 the	 target	was	pointed	to	the	right	and	left	arrow	key	when	the	target	was	pointed	to	the	left.			
The	 lures	 could	appear	 in	 two	possible	display	arrangements:	Grid	or	Concentric.	 (1)	The	Grid	display	presented	all	 items	on	an	invisible	6	x	6	square	grid	(36	locations)	with	random	 jitter	 added.	 	 (2)	 The	 Concentric	 display	 presented	 all	 the	 items	 on	 three	concentric	 circles	 and	 was	 adapted	 from	 Santhi	 and	 Reeves	 (2004).	 	 The	 circles	 were	spaced	approximately	at	5,	10	and	18	degrees	of	visual	angle	and	each	contain	12	possible	locations,	evenly	spaced	at	30	degrees	apart	(for	a	total	of	36	locations).	 	Critically,	 in	the	Concentric	display,	the	spacing	between	any	two	possible	location	points	was	greater	than	the	 boundary	 of	 crowding,	 as	 stated	 by	Bouma's	 Law	 (Pelli,	 2008).	 Thus,	 the	 Concentric	display	was	 designed	 to	minimize	 crowding.	 	 Lure	 items	 could	 be	 orange	 diamonds	 and	yellow	triangles.		
Procedure.	 	 Every	 trial	 began	 with	 a	 presentation	 of	 a	 fixation	 cross	 for	 1	 second	followed	by	a	search	display,	which	remained	on	the	screen	until	a	response	was	given	or	until	 5	 seconds	 had	 past.	 	 Displays	 could	 contain	 the	 target	 with	 1,	 4,	 9,	 19,	 or	 31	 lure	objects,	or	the	target	could	appear	alone,	which	served	as	the	target	only	condition.	 	On	a	given	display,	the	lures	were	either	orange	diamonds	or	yellow	triangles.		This	provided	us	with	 two	 levels	 of	 lure-target	 similarity:	 high	 similarity	 (for	 orange	 diamonds)	 and	 low	
	 15	similarity	(for	yellow	triangles).			Subjects	responded	to	the	orientation	of	the	target	(left	or	right	facing)	by	pressing	the	left	and	right	arrow	keys	using	the	pointer	and	middle	fingers	of	the	subjects’	right	hand.			If	the	subject	made	an	error	on	a	trial,	the	trial	was	followed	by	a	short	beep.	
Design.		The	display	type	(Grid	vs.	Concentric),	lure	set	size	(0,1,4,9,19,31)	and	lure	type	(orange	diamonds	vs.	yellow	triangles)	were	manipulated	within-subjects.		Trial	conditions	were	randomized	for	each	subject	and	subjects	were	allowed	to	take	a	break	every	77	trials.		Participants	completed	22	target-only	trials	for	each	display	type	(a	total	of	44	total	target-only	trials),	and	44	trials	each	of	the	other	conditions,	for	a	total	of	924	experimental	trials.		The	first	four	participants	completed	1050	trials	of	randomized	conditions,	however,	due	to	times	constraints,	the	remaining	subjects	only	completed	924	randomized	trials.		As	a	result	and	for	consistency,	only	the	first	924	trials	were	analyzed	from	the	first	four	participants	to	have	comparable	observations.		
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Experiment	1-	Results	We	compared	the	fit	(R2)	of	linear	and	logarithmic	best-fitting	lines	to	the	RT	by	set	size	function,	 in	 order	 to	 evaluate	whether	 the	 logarithmic	pattern	 of	 results	 in	 our	previous	data	was	 due	 to	 the	 presence	 of	 crowding	 in	 our	 Grid	 search	 displays.	 	 Next,	 RTs	were	evaluated	in	terms	of	the	set	size,	crowding,	and	lure-target	similarity	manipulations	with	a	repeated	 measures	 ANOVA.	 	 Planned	 comparisons	 using	 paired	 t	 test	 between	 the	logarithmic	 slopes	 for	 each	display	and	 lure	 type	were	 conducted	 to	 evaluate	 lure-target	similarity	 and	 the	 display	manipulation.	 	 Justification	 for	 the	 inclusion	 of	 the	 target	 only	condition	 in	 the	 analysis	 is	 provided	 using	 a	 pBIC	 analysis	 (Masson,	 2011).	 	 Lastly,	 we	evaluate	the	effect	of	eccentricity	effects	on	target	processing	times	(Carrasco,	Evert,	Chang	&	Katz,	1995;	Carrasco,	McLean,	Katz	&	Frieder,	1998;	Carrasco	&	Yeshurun,	1998).	 	Any	violations	of	sphericity	were	corrected	by	adjusting	the	degrees	of	 freedom	following	the	Greenhouse-Geisser	procedure.	 	The	effect	 sizes	 for	 the	ANOVA	analyses	are	provided	as	Cohen’s	 f	using	GPower	 (Erdfelder,	Faul,	&	Buchner,	1996)	and	were	computed	 from	the	partial	 eta-square.	 	 The	 effect	 sizes	 for	 paired	 t	 tests	 are	 also	 provided	 as	 Cohen’s	 f	 (for	consistency)	and	were	computed	by	converting	the	t-values	to	Cohen’s	d	and	converting	to	Cohen’s	 f.	 	 If	 the	 reader	 is	 unfamiliar	 with	 Cohen’s	 f	 as	 an	 effect	 size,	 guidelines	 on	interpreting	Cohen’s	f	are	provided	from	Cohen	(1988):		f	=0.10	is	a	small	effect,	f	=0.25	is	a	medium	 effect,	 and	 f	 =	 0.40	 is	 a	 large	 effect.	 	 Cohen’s	 f	may	 be	 considered	 analogous	 to	Cohen’s	d	 in	 that	 it	may	be	 interpreted	as	how	many	standard	deviation	units	 the	means	are	from	the	grand	mean.	
Search	slopes.	 	 	First,	we	 looked	at	 the	search	slope	 functions	produced	by	each	 lure	type	in	each	display	arrangement.		Search	functions	included	the	target	only	datum,	as	we	
	 17	have	previously	demonstrated	evidence	of	the	logarithmic	search	functions	converging	on	the	 target	 only	 conditions	 (see	 Buetti	 et	 al.,	 in	 press),	 and	will	 provide	 further	 evidence	here,	 but	 see	Table	 1.	 The	 search	 slopes	 produced	 by	 both	 Grid	 and	 Concentric	 display	arrangements	were	 best	 approximated	 by	 logarithmic	 search	 functions.	 	 This	 is	 seen	 as	higher	 R-squares	 for	 the	 logarithmic	 regression	 fit	 than	 the	 corresponding	 linear	regression	 fit	 for	 all	 conditions	 (see	 Table	 1	 &	 Figure	 1).	 For	 orange	 diamonds	 in	Concentric	displays,	the	R2	for	the	logarithmic	fits	was	R2	=	0.9652	which	was	higher	than	the	 linear	 fit	 (R2	=	0.8385).	 	For	yellow	triangles	 in	 the	Concentric	display,	 the	R2	 for	 the	logarithmic	 fits	was	R2	=	0.9082	which	was	higher	 than	 the	 linear	 fit	 (R2	=	0.7567).	 	 For	orange	diamonds	in	the	Grid	display,	the	R2	for	the	logarithmic	fit	(R2	=	0.9884)	was	higher	than	 the	 linear	 fit	 (R2	 =	 0.7977).	 	 For	 yellow	 triangles	 in	 the	Grid	 display,	 the	R2	for	 the	logarithmic	fit	(R2	=	0.8355)	was	higher	than	the	linear	fit	(R2	=	0.5327).		
Notice	 that	 in	 this	 experiment,	 the	observed	 linear	 slopes	 for	 the	 two	 lure	 conditions	were	 very	 small:	 the	 linear	 search	 slopes	 over	 the	 entire	 range	 of	 set	 sizes	 for	 orange	diamond	 lures	was	 4.38	ms	 per	 item	 and	 2.98	ms	 per	 item	 for	 the	 Grid	 and	 Concentric	displays,	respectively.	 	The	linear	slopes	for	yellow	lures	were	2.48	ms	per	item	and	1.95	ms	per	item	for	the	Grid	display	and	Concentric	display,	respectively.		Therefore,	the	search	task	would	be	clearly	considered	efficient	search	in	the	literature	(see	Table	1;	Treisman	&	Gelade,	1980;	Treisman	&	Sato,	1990;	Wolfe,	1998).	 	Excluding	the	target	only	datum,	the	linear	search	slopes	were	smaller	and	R2	were	slightly	higher	than	including	the	target	only	condition	for	orange	diamond	lures,	3.45	ms	per	item	(R2	=	0.9042)	for	the	Grid	display	and	2.57	 ms	 per	 item	 (R2	 =	 0.7720)	 for	 Concentric	 display	 arrangements,	 respectively.		Similarly,	the	linear	search	slopes	were	smaller	for	yellow	triangle	lures,	1.43	ms	per	item	
	 18	and	 1.78	 ms	 per	 item,	 for	 the	 Grid	 and	 Concentric	 display	 arrangements,	 respectively.		However,	the	R2	for	the	yellow	triangle	lures	increased	slightly	compared	to	including	the	target	 only	 condition	 for	 the	Grid	 display,	 R2	=	 0.8456,	 and	decreased	 for	 the	 Concentric	display,	R2	=	0.7025	than	those	computed	with	the	target	only	condition.		
Reaction	Time.	 	 	 	To	evaluate	 the	effect	of	display	 type	on	search	efficiency	we	ran	a	2x2x5	within-subjects	 repeated	measures	 ANOVA	was	 conducted	with	 display	 type,	 lure	type	and	 set	 size	 as	 factors	on	RTs	of	 trials	with	 correct	 responses	 (excluding	 the	 target	only	condition).	 	Display	 type	modulated	 the	steepness	of	 the	 logarithmic	 functions,	 such	that	RTs	were	longer	for	the	Grid	display	than	for	the	Concentric	display,	F(1,19)	=	16.61,	p	=	0.001,	f	=	0.9342.		The	lure-target	similarity	having	longer	RTs	than	yellow	triangles	(see	
Figure	 1),	 F(1,19)	=	8.305,	p	=	0.01,	Cohen’s	 f	=	0.6609.	 	Additionally,	RT	monotonically	increased	with	set	size,	F(3.195,	60.705)	=	39.64	,	p	<	0.001,	Cohen’s	f	=	1.444.		Importantly,	the	interaction	between	the	lure	type	and	set	size	was	significant,	F(3.377,	64.157)	=	4.558,	p	 =	 0.004,	 Cohen’s	 f	 =	 0.4890,	 indicating	 different	 levels	 lure-target	 similarity	 produced	different	 levels	of	processing	efficiency.	 	The	 three	 remaining	 interactions	 failed	 to	 reach	significance:	between	display	 type	and	 lure	 type,	F(1,19)	=	1.263,	 	p	=	0.275,	Cohen’s	 f	=	0.2571,	between	display	type	and	set	size,	F(3.204,	60.872)	=	0.391,	p	=	0.773,	f	=	0.1428,	and	the	three-way	interaction,	F(3.281,	62.331)	=	1.613,	p	=	0.192,	Cohen’s	f	=	0.2908.		The	results	 from	 this	experiment	are	 consistent	with	previous	 findings	 from	Experiment	1	of	Buetti	 et	 al.	 (in	 press):	 search	 times	 increase	 logarithmically	 with	 set	 size	 and	 are	modulated	by	lure-target	similarity.		
Next,	 we	 analyzed	 logarithmic	 slopes.	 All	 logarithmic	 functions	 were	 fitted	 to	 each	participant	 and	 included	 the	 target-only	 datum	 as	we	 previously	 demonstrated	 that	 this	
	 19	datum	is	a	natural	continuation	of	the	search	function	in	logarithmic	space	(Buetti	et	al.,	in	press).	 	See	the	pBIC	analysis	below	for	more	evidence	of	the	pertinence	of	including	this	datum.	 	 Lure-target	 similarity	modulated	 the	 lure	 slopes	 for	 both	display	 types.	 	 For	 the	Grid	display,	the	logarithmic	slope	of	the	orange	diamond	lures	(44.3	ms	per	log	unit)	was	significantly	 larger	 than	 the	 logarithmic	 slope	 of	 yellow	 triangles	 lures	 (28.2	ms	 per	 log	unit)	 (t(19)=	 2.837,	 p	 =	 0.011,	 Cohen’s	 f	 =	 0.3172).	 	 For	 the	 Concentric	 display,	 the	logarithmic	 slope	 of	 the	 orange	 diamond	 lures	 (29.0	 ms	 per	 log	 unit)	 was	 significantly	larger	than	the	logarithmic	slope	of	the	yellow	triangle	lure	(19.4	ms	per	log	unit)	(t(19)	=	2.691,	 p	 =	 0.014,	 Cohen’s	 f	 =	 0.3009).	 	 For	 each	 type	 of	 lures,	 we	 also	 compared	 the	logarithmic	 slopes	 in	 Concentric	 compared	 to	 Grid	 displays	 to	 evaluate	 the	 effect	 of	crowding	 on	 processing	 efficiency.	 The	 paired	 t	 tests	 revealed	 the	 Concentric	 display	produced	more	efficient	logarithmic	slopes	than	the	Grid	display	for	orange	diamond	lures	(t(19)	=	3.507,	p	=	0.002,	Cohen’s	 f	=0.3921)	as	well	as	 for	yellow	triangle	 lures	 (t(19)	=	2.178,	p	=	0.042,	Cohen’s	f	=0.2435).	
Exploratory	analysis	of	target	only	conditions.		A	post-hoc	exploratory	analysis	of	the	target-only	condition	was	done	to	test	any	differences	between	the	two	display	conditions.	The	two	display	types	did	vary	in	eccentricities	to	allow	for	the	manipulation	of	crowding,	and	as	a	result	would	have	allowed	for	the	target	to	appear	at	a	farther	eccentricity	in	the	Concentric	display.		Paired	t	tests	were	used	to	compare	the	target	only	conditions	for	the	two	display	 types	 	 (Grid	vs.	Concentric),	 and	 indicated	 the	Concentric	display	 target-only	condition	 RT	 (576	 ms)	 was	 overall	 30	 ms	 longer	 than	 the	 one	 in	 the	 Rectangular	 Grid	display	(544	ms)	(t(19)	=	2.944	,	p	=	0.008,	Cohen’s	f	=	0.3291).		
	 20	Another	way	to	conduct	the	exploratory	analysis	is	to	conduct	a	Bayesian	analysis	that	can	 provide	 evidence	 for	 the	 null	 hypothesis	 compared	 to	 traditional	 null	 hypothesis	statistical	testing	(Rouder,	Speckman,	Sun,	Morey	&	Iverson,	2009;	Morey	&	Rouder,	2011).		A	Bayes	 t	 test	was	conducted	on	 the	 two	 target	only	conditions	 (Grid	and	Concentric)	 to	compute	a	Bayes	Factors	was	done	using	the	Bayes	Factors	package	in	R.	 	A	Bayes	Factor	provides	the	likelihood	of	a	hypothesis	relative	to	an	alternative	hypothesis	given	the	data.	The	 Bayes	 t	 test	 analysis	was	 conducted	with	 a	 non-directional	 test	 and	 a	 Cauchy	 prior	distribution.	 A	 Bayes	 Factor	 denoted	B10	>1	 can	 be	 interpreted	 as	 evidence	 in	 favor	 of	 a	difference	and	B10	<1	as	evidence	 in	 favor	of	no	difference.	The	results	 indicated	a	Bayes	factor	of	BF10	=	5.96	±	1.3	x	10-5.	 	Although	 there	 is	 some	debate	about	how	 to	 interpret	Bayes	 factors,	 these	 results	may	be	 considered	 to	be	 substantial	 evidence	 in	 favor	of	HA:	evidence	 in	 favor	 of	 a	 difference	 between	 the	 two	 target	 only	 conditions	 (Wetzels	 et	 al.,	2011).		 	
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Table	1.	The	linear	(in	ms/item)	and	log	slopes	(in	ms/log	unit)	for	each	lure	and	display	types	are	shown	with	the	corresponding	R2.		The	linear	and	log	slopes	are	shown	computed	with	and	without	including	the	target	only	condition.	 	
	 Linear	Search	Slopes	 Log	Search	Slopes	
	 With	Target	Only	 R2	 Without	Target	Only	 R2	 With	Target	Only	 R2	 Without	Target	Only	 R2	
O
ra
ng
e	
Lu
re
s	 Grid	Display	 4.39	 0.7977	 3.45	 0.9042	 44.35	 0.9884	 40.28	 0.9962	
Concentric	Display	 2.98	 0.8385	 2.57	 0.8456	 28.98	 0.9652	 30.20	 0.9457	
Ye
llo
w
	L
ur
es
	 Grid	Display	 2.48	 0.5327	 1.43	 0.7720	 28.22	 0.8355	 17.28	 0.9190	
Concentric	Display	 1.95	 0.7567	 1.78	 0.7025	 19.44	 0.9082	 22.49	 0.9103	
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Figure	 1.	 Search	 performance	 as	 a	 function	 of	 display	 type,	 set	 size	 and	 lure-target	similarity	on	Experiment	1.	Error	bars	 indicate	 the	standard	error	of	 the	mean.	Panel	 A.	Search	performance	is	shown	plotted	on	a	linear	scale	for	set	size	and	shows	a	logarithmic	relationship	between	the	total	number	of	items	on	the	display	and	RT	(ms).	Panel	B.	Shows	the	same	data	plotted	on	logarithmic	scale	for	set	size	with	the	corresponding	total	set	size	conditions	as	labels.	
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Inclusion	of	Target	Only	Condition.	 	 	The	pertinence	of	including	the	target	only	datum	in	the	estimate	of	the	logarithmic	search	functions	is	demonstrated	using	a	similar	analysis	to	Experiment	 1A	 and	 1B	 in	 Buetti	 et	 al.	 (in	 press).	 	 The	 logic	 is	 as	 follows:	 If	 the	 lure	logarithmic	search	function	intercepts	converge	at	a	similar	point	without	the	inclusion	of	the	target	only	condition,	and	that	point	is	not	different	than	the	target	only	condition,	then	it	 is	 reasonable	 to	 consider	 this	 datum	 in	 the	 computation	 of	 the	 search	 slopes.	 	 The	following	analysis	of	the	target	only	condition	involved	first	comparing	if	the	two	levels	of	lure	 types	 within	 each	 display	 arrangement	 had	 similar	 logarithmic	 search	 function	intercepts	(logarithmic	intercept;	without	including	the	target	only	datum).		Next,	each	lure	logarithmic	intercept	for	each	display	type	was	compared	to	the	corresponding	target	only	condition	to	test	if	there	was	a	difference;	no	difference	between	the	two	conditions	would	suggest	the	target	only	condition	should	be	included	in	the	estimate	of	the	search	slopes.		A	pBIC	analysis	was	used	to	provide	evidence	beyond	failing	to	reject	the	null	hypothesis	as	evidence	 for	 the	hypothesis	of	 interest:	 the	 lure	 logarithmic	 intercepts	do	not	differ	 from	the	target	only	datum.		Evidence	in	favor	of	HO	indicates	evidence	in	favor	of	no	difference	between	 the	 two	 tested	 conditions	 and	 HA	 is	 evidence	 in	 favor	 of	 a	 difference.	 	 The	Supplementary	Materials	from	Masson	(2011)	were	used	to	conduct	the	BIC	analysis.			
First,	 the	 lure	 logarithmic	 intercepts	 (computed	without	 the	 target	only	datum)	were	compared	for	each	display	type,	to	test	if	the	observed	logarithmic	intercepts	were	similar	for	the	two	lure	types.	 	A	pBIC	was	conducted	to	test	 if	the	two	different	lure	logarithmic	functions	converged,	meaning,	they	have	a	similar	logarithmic	intercept.		The	pBIC	analysis	suggests	positive	evidence	for	the	hypothesis	that	the	logarithmic	functions	do	not	differ	in	the	point	of	convergence	for	the	two	functions,	P(HO|D)	=	0.8022	and	P(Ha|D)	=	0.1978	for	
	 24	the	 Grid	 display	 and	 P(HO|D)	 =	 0.7724	 and	 P(Ha|D)	 =	 0.2276	 for	 the	 Concentric	 display	(Masson,	 2011).	 	 Each	 observed	 lure	 logarithmic	 intercept	 was	 then	 tested	 against	 the	expected	logarithmic	intercept,	approximated	by	the	target	only	condition,	for	each	display	arrangement.	 	 A	 pBIC	 analysis	 was	 conducted	 to	 test	 the	 hypothesis	 the	 two	 observed	logarithmic	 intercepts	 do	 not	 differ	 from	 the	 target	 only	 condition	 (H0)	 against	 the	hypothesis	 the	 logarithmic	 intercepts	 do	 differ	 from	 the	 target	 only	 condition	 (HA).	 	 The	results	 of	 the	 BIC	 analysis	 for	 the	 Grid	 display	 indicated	 positive	 evidence	 for	 the	hypothesis	 that	 the	 orange	 diamond	 logarithmic	 intercept	 does	 not	 differ	 from	 the	 Grid	target	 only	 condition	 P(HO|D)	 =	 0.8021	 and	 P(HA|D)	 =	 0.1979.	 The	 yellow	 triangle	logarithmic	 intercept,	 however,	 had	 evidence	 in	 favor	 of	 a	 difference	 between	 the	logarithmic	 intercept	and	the	Grid	target	only	condition,	P(HO|D)	=	0.2071	and	P(HA|D)	=	0.7929.	 	 The	 results	 for	 the	 Concentric	 display	 indicated	 positive	 evidence	 for	 the	hypothesis	that	both	the	orange	diamond	and	yellow	triangle	logarithmic	intercepts	do	not	differ	 from	 the	Concentric	 target	 only	 condition	P(HO|D)	 =	 0.8060	 and	P(HA|D)	 =	 0.1940	and	P(HO|D)	=	0.7576	and	P(HA|D)	=	0.2424,	respectively.	 	Overall,	 these	findings	suggest	strong	evidence	that	three	of	the	four	logarithmic	search	functions	converge	the	target-only	datum.	 	 Thus,	 demonstrating	 the	 appropriateness	 of	 the	 inclusion	 in	 the	 search	 slope	intercepts.			
Eccentricity	effects.	 	 	 	Effects	of	eccentricity	on	RT	have	been	found	with	increases	of	set	size	(Carrasco,	Evert,	Chang	&	Katz,	1995;	Carrasco,	McLean,	Katz,	Svetlana	&	Frieder,	1998;	Carrasco	&	Yeshurun,	1998).	 	Here	we	evaluated	the	effect	of	eccentricity	on	target	processing	 times	as	a	 function	of	display	 type.	 	Due	 to	a	 low	number	of	observations	 for	each	condition,	we	collapsed	across	set	size	(six	levels;	including	the	target	only	condition),	
	 25	lure	type	(two	levels),	and	position	in	the	display	(36	possible	target	locations	in	both	the	Grid	 and	 Concentric	 display)	 to	 conduct	 this	 analysis.	 	 Collapsing	 across	 these	 variables	allowed	us	to	have	on	average	about	12	observations	per	target	position	per	subject.		Each	display	arrangement	was	computed	separately	and	the	statistical	testing	of	the	eccentricity	effects	was	done	within	each	display	arrangement	(see	Figure	2	and	Figure	3).		The	RTs	at	three	 different	 eccentricities	 from	 fixation	 were	 averaged	 within	 the	 Grid	 display	arrangement:	the	inner-most	four	locations	around	fixation	(near	eccentricity),	the	outer-most	four	locations	near	the	outer	corner	of	the	display	(far	eccentricity),	and	the	average	of	the	four	locations	that	fell	in	between	the	inner-most	and	outer-most	locations	along	the	diagonal	 that	 is	 created	 (middle	 eccentricity).	 	 The	 corresponding	 locations	 in	 the	Concentric	 arrangement	 following	 the	 above	 described	 procedure	 were	 found	 to	 yield	three	comparable	levels	of	eccentricity.		Eccentricity	had	a	significant	effect	on	RT	in	both	the	Grid	display,	F(2,	38)	=	82.27,	p	<	0.001,	Cohen’s	f	=	2.081,	and	the	Concentric	display,	F(2,	38)	=	14.67,	p	<	0.001,	Cohen’s	f	=	0.8787.		 	
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Figure	2.	Performance	on	the	Grid	display	in	Experiment	1	as	a	function	of	eccentricity	is	shown	 as	 mean	 RT	 (in	 ms;	 response	 to	 target)	 collapsed	 across	 lure	 type	 and	 set	 size	conditions.	Each	circle	shows	the	mean	RT	in	ms	(top	number)	and	standard	error	of	the	mean	 in	 ms	 (bottom	 number).	 The	 position	 of	 each	 circle	 corresponds	 directly	 to	 the	possible	 locations	of	 the	Grid	search	array	with	 the	 jitter	 removed.	The	diameter	of	each	circle	was	made	proportional	to	the	mean	RT.	As	can	be	seen,	RTs	increase	as	eccentricity	of	the	target	increases.		
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Figure	 3.	 Performance	 on	 the	 Concentric	 display	 in	 Experiment	 1	 as	 a	 function	 of	eccentricity	is	shown	as	mean	RT	(in	ms)	collapsed	across	lure	type	and	set	size	condition.	Each	circle	shows	the	mean	RT	in	ms	(top	number)	and	standard	error	of	the	mean	in	ms	(bottom	number).	The	position	of	each	circle	corresponds	directly	to	the	possible	locations	of	the	Concentric	search	array	with	the	jitter	removed.	The	spacing	between	each	object	is	proportional	 to	 the	 inter	object	distance	 in	 the	displays.	The	diameter	of	 each	circle	was	made	 proportional	 to	 the	 mean	 RT.	 As	 can	 be	 seen,	 RTs	 increase	 as	 eccentricity	 of	 the	target	increases.			
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Experiment	1	–	Discussion	
The	results	 from	Experiment	1	provide	strong	evidence	 the	 logarithmic	search	slopes	achieved	in	past	experimental	displays	were	not	the	result	of	crowding,	as	evident	by	the	better	 fit	 of	 the	 logarithmic	 curve	 for	 the	 Concentric	 display.	 	 As	 has	 been	 previously	proposed	(Buetti	et	al.,	 in	press),	 the	 logarithmic	search	slope	 functions	are	most	 likely	a	result	 of	 the	 underlying	 unlimited	 parallel	 exhaustive	 processing	 from	 the	 first	 stage	 of	visual	selection.		Critically,	as	in	Buetti	et	al.	(in	press),	Experiment	1	included	a	wide	range	of	set	size	(1-32	items),	which	allows	a	better	approximation	of	the	search	slope	functions	in	 a	 feature	 discrimination	 task.	 	 Carrasco	 &	 colleagues	 have	 also	 found	 logarithmic	increases	in	set	size	with	a	broad	sampling	of	set	size	space	(Carrasco	et	al.,	1995,	1998).		Traditional	estimates	of	search	efficiency	using	 linear	search	functions	(although	a	worse	fit)	produced	estimates	that	would	be	considered	to	indicate	efficient	search	(Treisman	&	Gelade,	1980;	Treisman	&	Sato,	1990;	Wolfe,	1994).		
In	line	with	previous	findings	from	our	lab,	the	search	slopes	of	the	logarithmic	curves	were	 modulated	 by	 the	 lure-target	 similarity.	 	 Lure	 items	 with	 higher	 similarity	 to	 the	target	 required	more	processing	 for	 both	 the	Grid	 and	Concentric	 display	 arrangements.		These	 results	 indicate	 the	 logarithmic	 relationship	 between	 set	 size	 and	 RTs	 does	 not	disappear	when	crowding	is	eliminated	from	the	display	as	 indicated	by	the	better	 fit	 for	the	 logarithmic	 functions	 versus	 linear	 functions	 in	 the	 Concentric	 display.	 	 This	 work	extends	 previous	 results	 from	 our	 lab	 using	 a	 discrimination	 feature	 search	 task	 and	finding	 logarithmic	search	slopes	(with	a	Grid	display	arrangement)	 to	a	condition	under	minimized	crowding	(Concentric	display	arrangement).		Using	Sternberg’s	additive	factors	
	 29	logic	to	interpretation	factors	on	RT	(Sternberg,	1969,	1998),	the	result	from	Experiment	1	suggest	 the	effect	of	 crowding	appears	 to	be	an	additive	 factors	effect	 (Sternberg,	1969).		That	 is,	 the	 effect	 of	 crowding	 influences	 the	 threshold	 by	 which	 information	 is	accumulated	to	make	a	decision	about	the	items	identity	(i.e.	whether	the	item	is	a	target	or	not)	and	the	influence	of	crowding	occurs	at	a	separate	stage	from	the	screening	stage.		
Buetti	et	al.	(in	press)	proposed	that	the	logarithmic	search	slopes	provide	meaningful	information	 about	 the	 extent	 of	 processing	 (or	 decision	 threshold)	 of	 the	 display	 items,	with	higher	 logarithmic	search	slopes	 indicating	a	 larger	amount	of	evidence	required	 to	make	a	decision	about	an	item	in	the	display.		The	significant	difference	in	the	logarithmic	slopes	between	display	conditions	indicates	crowding	in	the	Grid	display	resulted	in	longer	processing	 of	 display	 items	 compared	 to	 in	 the	 Concentric	 displays.	 	 The	 Grid	 displays	required	 subjects	 to	 process	 the	 lure	 items	 more	 (gather	 more	 evidence)	 than	 when	presented	on	a	Concentric	display	 trial.	 It	 should	be	noted	 the	experimental	 task	did	not	have	blocks	of	display	type	(or	lure	type),	and	these	results	were	obtained	when	subjects	could	 randomly	 receive	 a	 Grid	 or	 Concentric	 display	 from	 trial-to-trial	 (Palmer,	 1987).		Thus,	one	may	consider	 the	Concentric	display	arrangements	as	more	direct	estimates	of	the	 processing	 efficiency	 the	 any	 given	 type	 of	 lures	 (thanks	 to	 the	 removal	 of	 the	contribution	from	crowding).		
The	 target-only	 condition	 serves	 as	 a	 baseline	 measurement	 of	 the	 non-perceptual	processes	(i.e.	motor	response)	and	can	be	considered	a	“no	possible	crowding”	condition	as	no	other	objects	could	clutter	the	target.		That	said,	the	results	showed	that	the	RTs	for	target-only	condition	for	each	display	type	were	significantly	differed	from	each	other.		One	possibility	 is	 this	 finding	was	 a	 result	 of	 the	 increase	 in	 eccentricity	 in	 the	 possible	 lure	
	 30	item	 positions	 in	 the	 Concentric	 display	 compared	 to	 the	 Grid	 display	 that	 required	influenced	 the	 processing	 of	 items	 further	 in	 the	 periphery.	 This	 issue	 will	 be	 explored	further	below.		
It	 should	 be	 noted	 that	 logarithmic	 search	 slopes	 have	 been	 found	 by	 Carrasco	 and	colleagues	before,	and	have	been	largely	attributed	to	eccentricity	effects	and	limitation	of	spatial	 resolution	 (Carrasco	 et	 al.,	 1995,	 1998;	 Carrasco	 &	 Yeshurun,	 1998).	 	 The	eccentricity	 effect	 found	 here	 in	 both	 the	 Grid	 and	 Concentric	 displays	 indicates	eccentricity	 plays	 a	 role	 in	 the	 processing	 times	 of	 the	 target,	 even	 in	 the	 absence	 of	crowding.		Thus,	these	results	are	consistent	with	previous	findings	that	eccentricity	affects	RT,	and	 further	suggest	 that	even	when	crowding	 is	eliminated,	eccentricity	continues	 to	influence	 RTs.	 	 Furthermore,	 these	 results	 are	 consistent	 with	 previous	 eccentricity	findings	where	 increasing	 critical	 spacing	 did	 not	 eliminate	 eccentricity	 effects,	whereas	scaling	the	size	of	the	stimuli	did	(Carrasco	&	Frieder,	1997).		Finally,	we	would	like	to	note	that	 the	presence	of	 an	 eccentricity	 effect	 in	 both	display	 conditions	 is	 indirect	 evidence	that	 eye	 movements	 did	 not	 have	 a	 large	 contribution	 to	 search	 performance	 and	 that	participants	were	able	to	gather	sufficient	amounts	of	information	before	moving	their	eyes	to	 the	 target.	 	 However,	 it	 should	 be	 noted	 that	 this	 experiment	 was	 not	 designed	 (or	powered)	to	finely	investigate	eccentricity	effects.	 	
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Experiment	2-	Methods	
Experiment	2	was	run	as	a	follow-up	of	Experiment	1,	to	evaluate	the	role	of	crowding	using	the	other	lure	object	(blue	circles)	used	in	our	previous	RT	findings,	which	varied	the	level	of	 lure-target	 similarity	 (Buetti	 et	al.,	 in	press).	 	The	goal	of	 this	experiment	was	 to	replicate	the	additive	effect	of	crowding	on	stage-one	processing	using	lures	with	different	lure-target	similarity	items	to	further	demonstrate	crowding	has	a	minimal	contribution	to	RT	performance.	 .	 	As	 in	Experiment	1,	 subjects	were	asked	 to	 search	 for	a	 red	 target	 to	report	 the	orientation.	 	Lure-target	 similarity	was	manipulated	 in	Experiment	2	by	using	yellow	 triangles	 (similar	 in	 shape)	 and	blue	 circles	 (dissimilar	 in	 shape	 and	hue).	 	 Thus,	only	 lure-target	similarity	changed	from	Experiment	1	to	Experiment	2,	with	 lure	objects	used	in	Experiment	2	having	on	average	lower	lure-target	similarity	than	Experiment	1.			
If	crowding	contributes	to	the	logarithmic	search	slopes,	under	conditions	of	minimized	crowding,	 one	would	expect	 linear	 search	 slopes	 from	display	arrangements.	 	We	expect	crowding	will	play	an	additive	role	in	the	steepness	of	search	slopes,	in	line	with	previous	findings	from	Experiment	1.		Previous	results	have	found	when	objects	are	very	dissimilar	from	the	target,	as	in	pop-out	search,	crowding	effects	may	be	reduced	(Kooi	et	al.,	1994;	Põder,	 1997;	 Zahabi	 &	 Arguin,	 2014).	 	 Due	 to	 the	 lure-target	 similarity	 decreasing	 in	Experiment	 2	 (compared	 to	 Experiment	 1)	 it	 is	 possible	 to	 find	 an	 attenuated	 effect	 of	crowding.	 	 Thus,	 crowding	may	play	 a	 smaller	 affect	 on	 stage-one	processing	 due	 to	 the	decrease	 in	similarity	of	 the	stimuli	(Andrieseen	&	Bouma,	1976;	Kooi	et	al.,	1994;	Nazir,	1992,	Scolari,	Kohnen,	Barton	&	Awh,	2007;	Zhang	&	Houstein,	2014).		
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Subjects.			Data	from	the	first	new	twenty	subjects	from	the	same	pool	as	Experiment	1	which	met	the	same	performance	criterion	were	used	for	analysis.		Subjects	with	accuracy	below	90%	or	who	had	mean	RTs	higher	than	2	times	the	standard	deviation	of	the	mean	for	the	group	were	replaced.	This	resulted	in	two	subjects	being	replaced	for	excessive	RTs	>	than	2	standard	deviations	above	the	mean	RT	of	the	group.			
Apparatus	 and	 stimuli.	 	 	As	 in	 Experiment	 1,	 this	 experiment	was	 run	 on	 PC,	 using	Matlab,	and	programmed	with	the	Psychophysics	Toolbox,	version	3	(Brainard,	1997;	Pelli,	1997).	 	 Subjects	 were	 seated	 49	 cm	 from	 a	 20-inch	 CRT	monitor	 (20	 degrees	 of	 visual	angle)	 in	 a	 dimly	 lit	 room.	 	 On	 every	 display,	 all	 items	 subtended	 .833	 degrees	 of	 visual	angle.		Subjects	were	asked	to	locate	the	target,	a	red	triangle	point	to	the	left	or	right,	and	report	it’s	orientation.	 	On	every	trial,	a	target	was	present	on	the	display.	 	Subjects	were	asked	to	use	the	pointer	and	middle	fingers	of	their	right	hand	to	press	the	 left	and	right	arrow	keys	to	respond.		Subjects	were	asked	to	respond	with	the	right	arrow	key	when	the	target	was	pointed	to	the	right	and	left	arrow	key	when	the	target	was	pointed	to	the	left.		The	 lures	 could	 appear	 in	 two	 possible	 display	 arrangements:	 Grid	 or	 Concentric	arrangement.	 	 Thus,	 the	 Concentric	 display	 was	 designed	 to	 minimize	 crowding.	 	 Lure	items	could	be	yellow	triangles	and	blue	circles.		
Procedure.		As	in	Experiment	1,	every	trial	began	with	a	presentation	of	a	fixation	cross	for	1	second	followed	by	a	search	array,	which	remained	on	the	screen	until	a	response	was	given	 or	 until	 5	 seconds	 had	 past.	 	 Displays	 could	 contain	 the	 target	 presented	 alone	 or	with	1,	4,	9,	19,	or	31	lure	objects.		On	a	given	display,	the	lures	were	either	yellow	triangles	or	 blue	 circles.	 	 This	 provided	 us	 with	 two	 levels	 of	 lure-target	 similarity:	 medium	similarity	 (yellow	triangles)	and	 low	similarity	 (blue	circles).	 	 	Subjects	responded	 to	 the	
	 33	orientation	of	the	target	(left	or	right	facing)	by	pressing	the	left	and	right	arrow	keys	using	the	pointer	and	middle	fingers	of	the	subjects’	right	hand.			If	the	subject	made	an	error	on	a	trial,	the	trial	was	followed	by	a	short	beep.	
Design.	 	The	display	type	(Grid	vs.	Concentric),	 lure	set	size	(0,1,4,9,19,31)	and	 lure	type	(yellow	triangle	vs.	blue	circles)	were	manipulated	within-subjects.	 	Trial	conditions	were	randomized	 for	 each	 subject	 and	 subjects	were	 allowed	 to	 take	 a	 break	 every	 77	 trials.		Participants	 completed	 22	 target-only	 trials	 for	 each	 display	 arrangement	 (a	 total	 of	 44	total	 target-only	 trials),	 and	 44	 trials	 each	 of	 the	 other	 conditions,	 for	 a	 total	 of	 924	experimental	trials.		
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Experiment	2-	Results	
A	similar	set	of	analysis	to	Experiment	1	was	conducted	to	evaluate	the	contribution	of	crowding	to	stage-one	processing	times.		First,	the	search	slope	functions	produced	by	each	display	 type	 for	 each	 lure	 item	 were	 evaluated	 by	 comparing	 the	 R2	of	 the	 best	 fitting	logarithmic	 and	 linear	 set	 size	 x	RT	 function.	 	All	 search	 slope	 functions	were	 computed	including	 the	 target	 only	 condition.	 	 Consistent	 with	 Experiment	 1,	 the	 search	 slope	functions	for	both	the	Concentric	and	Grid	displays	were	best	approximated	by	logarithmic	search	functions	(see	Table	2).		This	was	again	seen	as	higher	R2	for	the	logarithmic	search	slope	compared	to	the	linear.		For	yellow	triangles	in	the	Concentric	displays,	the	R2	for	the	logarithmic	 fit	 was	 R2	 =	 0.9696,	 which	 was	 higher	 than	 the	 linear	 fit	 (R2	 =	 0.7359).		Similarly,	 for	 the	blue	circles	 in	 the	Concentric	displays,	 the	R2	for	 the	 logarithmic	 fit	was			R2	=	 0.8754	 compared	 to	 the	 linear	 fit	 of	 R2	 =	 0.6429.	 	 	 The	 yellow	 triangles	 in	 the	Grid	displays	had	R2	=	0.9225	for	the	logarithmic	fit	compared	to	R2	=	0.6896	for	the	linear	fit.		The	blue	circles	in	the	Grid	displays	had	R2	=	0.9768	for	the	logarithmic	fit	compared	to	R2	=	0.8627.			
Similar	 to	Experiment	1,	 the	observed	 linear	 search	slopes	 for	both	 lures	were	small:		the	linear	search	slopes	across	the	entire	range	of	set	sizes	for	the	yellow	triangle	lures	was	2.38	ms	per	 item	and	2.46	ms	per	 item	for	the	Grid	and	Concentric	displays	respectively.	The	linear	search	slopes	for	the	blue	lures	across	the	entire	range	of	set	sizes	was	1.11	ms	per	item	and	0.59	ms	per	item	for	Grid	and	Concentric	displays,	respectively.	 	Replicating	our	 previous	 findings	 of	 search	 considered	 by	 traditional	 interpretation	 to	 be	 consistent	with	 efficient	 search	 (Treisman	 &	 Gelade,	 1980;	 Treisman	 &	 Sato,	 1990;	 Wolfe,	 1998).		
	 35	Similar	to	Experiment	1,	when	the	linear	search	slopes	were	calculated	excluding	the	target	only	datum,	the	 linear	search	slopes	were	smaller	and	R2	were	slightly	higher	than	those	calculated	including	the	target	only	condition	(see	Table	2).		
	
	
	
	
Table	2.		The	linear	(in	ms/item)	and	logarithmic	slopes	(in	ms/log	unit)	for	each	lure	and	display	arrangements	in	Experiment	2	are	shown	with	the	corresponding	R2.		The	linear	and	log	slopes	are	shown	computed	with	and	without	including	the	target	only	condition.		 	
	 Linear	Search	Slopes	 Log	Search	Slopes	
	 With	Target	Only	 R2	 Without	Target	Only	 R2	 With	Target	Only	 R2	 Without	Target	Only	 R2	
Ye
llo
w
	L
ur
es
	 Grid	Display	 2.38	 0.6896	 1.64	 0.9448	 25.0	 0.9225	 18.58	 0.9827	
Concentric	Display	 2.46	 0.7359	 1.90	 0.7898	 25.66	 0.9696	 23.22	 0.9557	
Bl
ue
	L
ur
es
	 Grid	Display	 1.11	 0.8627	 0.92	 0.9439	 10.74	 0.9768	 10.34	 0.9580	
Concentric	Display	 0.59	 0.6429	 0.43	 0.6762	 6.29	 0.8754	 5.08	 0.7829	
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Figure	4.	Search	performance	as	a	function	of	spacing,	set	size	and	lure-target	similarity	on	Experiment	2.	Error	bars	indicate	the	standard	error	of	the	mean.	Panel	A.	Search	performance	is	shown	plotted	on	a	linear	scale	for	set	size	and	shows	a	logarithmic	relationship	between	the	total	number	of	items	on	the	display	and	RT	(ms).	Panel	B.	Shows	the	same	data	plotted	on	logarithmic	scale	for	set	size	with	the	corresponding	total	set	size	conditions	as	labels.		 	
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Reaction	 Time.	 	 	 To	 evaluate	 the	 effect	 of	 crowding	 on	 search	 efficiency	 a	 within-subjects	repeated	measures	2x2x5	ANOVA	was	conducted	with	display	type,	lure	type	and	set	 size	 as	 within-subject	 factors	 on	 RT	 of	 trials	 with	 correct	 responses	 (excluding	 the	target	 only	 condition).	 	 Display	 type	modulated	 the	 steepness	 of	 the	 logarithmic	 search	functions,	 such	 that	 RTs	 were	 longer	 in	 the	 Grid	 display	 compared	 to	 the	 Concentric	display,	F(1,19)	=	11.798,	p	=	0.003,	Cohen’s	f	=	0.7879.		Lure-target	similarity	modulated	the	 steepness	of	 the	 logarithmic	 search	 functions,	 such	 that	RTs	were	 longer	on	displays	with	yellow	triangle	 lures	than	blue	circle	 lures,	F(1,	19)	=	86.774,	p	<	0.001,	Cohen’s	 f	=	2.134.		RT	was	found	to	increase	monotonically	with	set	size	F(3.107,	59.027)	=	30.733	,	p	<	0.001,	 Cohen’s	 f	 =	 1.272.	 	 These	 results	 are	 consistent	 with	 results	 from	 Experiment	 1.		Critically,	in	this	experiment	the	lure	type	by	set	size	interaction	was	significance,	F(2.975,	56.521)	=	5.229,	p	=	0.003,	Cohen’s	f	=	0.5249,	replicating	the	finding	of	different	levels	of	lure-target	 similarity	 produced	 different	 levels	 of	 processing	 efficiency.	 	 Similar	 to	Experiment	1,	the	remaining	interactions	all	failed	to	reach	significance	(Fs	<		1.3	and	ps		>	0.29).		
Paired	t	tests	were	conducted	on	the	logarithmic	slopes	to	evaluate	the	main	effects	of	display	 type	 and	 lure-target	 similarity.	 	 Logarithmic	 functions	 were	 fitted	 to	 each	participant	 and	 included	 the	 target-only	 datum.	 	 	 First,	 the	 logarithmic	 slopes	 for	 each	display	 arrangement	 were	 used	 to	 test	 for	 an	 effect	 of	 lure-target	 similarity.	 	 Next,	 we	conducted	 paired	 t	 tests	 across	 display	 type	 to	 evaluate	 the	 effect	 of	 crowding.	 	 All	logarithmic	 slopes	 were	 computed	 including	 the	 target	 only	 condition.	 	 The	 logarithmic	slope	was	greater	for	yellow	triangle	lure	displays	than	for	blue	circle	lure	displays	for	both	display	types.	 	The	Concentric	display	produced	significantly	larger	logarithmic	slopes	for	
	 38	the	yellow	triangle	lures	(25.7	ms	per	log	unit)	than	blue	circles	(6.3	ms	per	log	unit)	(t(19)	=	 8.17,	 p	 <0.001,	 Cohen’s	 f	 =0.9134).	 Similarly,	 the	 Grid	 display	 produced	 significantly	larger	logarithmic	slopes	for	the	yellow	triangle	lures	(25.0	ms	per	log	unit)	than	blue	circle	lures	(10.7	ms	per	log	unit)	(t(19)	=	3.99,	p	=	0.001,	Cohen’s	f	=	0.4464).		
Next,	a	comparison	of	 the	 logarithmic	slopes	between	display	types	was	conducted	to	evaluate	 the	 contribution	 of	 crowding	 to	 processing	 efficiency.	 	 Neither	 lure	 type	 had	 a	reliable	difference	between	the	two	display	types	(Grid	vs.	Concentric).		The	comparison	of	the	 yellow	 triangle	 logarithmic	 slopes	 yielded	 no	 reliable	 difference	 between	 the	 two	display	 arrangements	 (t(19)	 =0.165,	 p=	 0.871,	 Cohen’s	 f	 =	 0.1235).	 	 Similarly,	 the	comparison	of	 the	blue	circle	 logarithmic	slopes	had	no	reliable	difference	(t(19)=	1.105,	p=	 0.283,	 Cohen’s	 f	 =	 0.0184).	 	 A	 follow	 up	 exploratory	 Bayes	 t	 test	 was	 conducted	 to	compare	the	difference	between	the	display	types	for	each	lure	item.		The	yellow	triangles	had	a	Bayes	Factor	of	BF10	=	0.235	±	2.15	x	10-4,	indicating	substantial	evidence	in	favor	of	no	difference,	and	the	blue	circles	BF10	=	0.397	±	1.57	x	10-4,	indicating	anecdotal	or	weak	evidence	of	no	difference.		
Exploratory	analysis	of	target	only	conditions.	 	 	 	As	in	Experiment	1,	the	target	only	condition	for	each	display	type	was	compared	using	traditional	null	hypothesis	statistical	testing,	and	with	Bayes	Factors.		Comparison	of	the	target	only	condition	using	traditional	null	 hypothesis	 testing	 between	 the	 two	 display	 types	 suggested	 there	 was	 no	 reliable	difference	between	 the	 two	 conditions	 (t(19)	=	0.081,	 p	=	0.936,	 Cohen’s	 f	 =	0.0091).	 	A	Bayes	t	tests	was	conducted	to	provide	appropriate	evidence	in	favor	of	no	difference	(HO)	or	in	favor	of	a	difference	(HA)	between	the	two	target	only	conditions.		A	BF10	=	0.233	was	
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Inclusion	 of	 target	 only	 condition.	 	 If	 the	 reader	 is	 still	 not	 convinced	 of	 the	appropriateness	 of	 inclusion	 of	 the	 target	 only	 datum	 in	 the	 estimate	 of	 the	 logarithmic	search	functions,	we	provide	replication	of	the	target	only	analysis	in	Experiment	1	and	in	Buetti	et	al.	(in	press).	 	As	in	Experiment	1,	 first	a	comparison	of	each	subjects	individual	logarithmic	intercepts	for	both	lure	types	for	each	display	type	was	completed	to	evaluate	the	similarity	of	the	logarithmic	intercepts	within	each	display.		Next,	each	lure	logarithmic	intercept	was	 then	compared	to	 the	 target	only	condition	 for	each	corresponding	display	type.	 	 The	 pBIC	 analysis	 was	 conducted	 to	 demonstrate	 appropriate	 evidence	 of	 no	difference	between	the	logarithmic	intercepts	of	the	estimated	search	slopes	and	the	target	only	conditions	(Masson,	2011).			
A	 comparison	 between	 the	 two	 observed	 lure	 logarithmic	 intercepts	 (computed	without	the	target	only	datum)	was	conducted	for	each	display	type	to	provide	evidence	of	a	common	point	of	convergence.		A	pBIC	analysis	was	used	to	test	the	hypothesis	the	two	lure	 intercepts	 do	 not	 differ	 in	 the	 point	 of	 convergence	 (i.e.	 have	 a	 similar	 logarithmic	intercept;	 H0)	 versus	 the	 hypothesis	 the	 logarithmic	 intercepts	 do	 differ	 (HA;	 Masson,	2011).	The	results	of	the	pBIC	indicate	there	is	little	evidence	the	logarithmic	intercepts	are	similar	 for	 the	Grid	display	P(HO|D)	=	0.1257	and	P(HA|D)	=	0.8743,	 	and	weak	/positive	evidence	of	the	logarithmic	intercepts	being	similar	in	the	Concentric	display	and	P(HO|D)	=	0.7482	and	P(HA|D)	=	0.2518	(Masson,	2011).	
	 40	Next,	each	observed	lure	logarithmic	intercept	for	each	display	type	was	then	compared	to	 the	 expected	 lure	 logarithmic	 intercept	 (target	 only	 condition)	 for	 the	 corresponding	display	type.	 	The	pBIC	analysis	was	used	to	test	the	hypothesis	the	observed	logarithmic	intercepts	 do	 not	 differ	 from	 the	 target	 only	 condition	 (H0)	 against	 the	 hypothesis	 the	logarithmic	intercepts	do	differ	from	the	target	only	condition	(HA).		Evidence	in	favor	of	no	difference	 would	 suggest	 inclusion	 of	 the	 target	 only	 condition	 in	 the	 search	 slope	estimates	 is	 appropriate.	 	 The	 Grid	 display	 yielded	 inconsistent	 results:	 the	 yellow	 lures	had	evidence	of	a	difference	between	the	lure	logarithmic	intercept	and	the	Grid	target	only	condition	P(HO|D)	=	0.0553	and	P(HA|D)	=	0.9447,	and	the	blue	lures	had	positive	evidence	in	 favor	of	no	difference	between	 the	 lure	 logarithmic	 intercept	 and	 the	Grid	 target	only	condition	 P(HO|D)	 =	 0.8148	 and	 P(HA|D)	 =	 0.1852.	 The	 Concentric	 display	 yielded	more	consistent	results:	both	the	yellow	and	blue	lures	had	evidence	in	favor	of	the	hypothesis	there	was	no	difference	between	the	lure	logarithmic	intercepts	and	Concentric	target	only	condition.	 	 The	 pBIC	 yielded	 positive	 evidence	 for	 the	 blue	 lures,	 P(HO|D)	 =	 0.7569	 and	P(HA|D)	 =	 0.2431,	 and	 only	 weak	 evidence	 in	 the	 yellow	 lures,	 P(HO|D)	 =	 0.6578	 and	P(HA|D)	=	0.3422.	 	Overall,	 these	 findings	 are	 consistent	with	Experiment	1,	 and	 suggest	evidence	 from	 three	 of	 the	 four	 search	 functions	 indicating	 the	 logarithmic	 functions	 do	converge	on	the	target-only	datum.		
	 Eccentricity	 effects.	 The	 effect	 of	 eccentricity	 was	 again	 evaluated	 on	 target	processing	 times	 as	 a	 function	 of	 display	 type.	 	 We	 followed	 a	 similar	 analysis	 to	Experiment	1	collapsing	across	set	size	(six	levels;	including	the	target	only	condition),	lure	type	 (two	 levels)	 and	 position	 in	 the	 display	 (36	 possible	 target	 locations)	 due	 to	 a	 low	number	 of	 observations	 per	 condition.	 	 This	 allowed	 us	 on	 average	 to	 have	 about	 13	
	 41	observations	per	target	per	position	per	subject.		Each	display	arrangement	was	computed	separately	 and	 followed	 a	 similar	 procedure	 of	 statistical	 testing	 of	 the	 three	 levels	 of	eccentricity.	 	Eccentricity	had	a	significant	effect	on	RT	in	both	the	Grid	display,	F(2,38)	=	77.78,	p	<	0.001,	Cohen’s	f	=	2.023,	and	the	Concentric	display,	F(2,38)	=	28.90,			p	<	0.001,		Cohen’s	f	=	1.233.		 	
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Figure	 5.	 	 As	 shown	 previously,	 performance	 on	 the	 Grid	 display	 in	 Experiment	 2	 as	 a	function	of	eccentricity	is	shown	as	mean	RT	(in	ms)	collapsed	across	lure	type	and	set	size	conditions.	Each	circle	shows	the	mean	RT	(top	number)	and	standard	error	of	the	mean	in	ms	 (bottom	 number).	 The	 position	 of	 each	 circle	 corresponds	 directly	 to	 the	 possible	locations	of	the	Grid	search	array	with	the	jitter	removed.	The	diameter	of	each	circle	was	made	 proportional	 to	 the	 mean	 RT.	 As	 can	 be	 seen,	 RTs	 increase	 as	 eccentricity	 of	 the	target	increases.		 	
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Figure	6.		As	shown	previously,	performance	on	the	Concentric	display	in	Experiment	2	as	a	function	is	shown	as	mean	RT	(in	ms)	collapsed	across	lure	type	and	set	size	conditions.	Each	circle	shows	the	mean	RT	in	ms	(top	number)	and	standard	error	of	the	mean	in	ms	(bottom	number)	for	each	location.	The	position	of	each	circle	corresponds	directly	to	the	possible	 locations	 of	 the	 Concentric	 search	 array	 with	 the	 jitter	 removed.	 The	 spacing	between	 each	 object	 is	 proportional	 to	 the	 inter	 object	 distance	 in	 the	 displays.	 The	diameter	 of	 each	 circle	 was	 made	 proportional	 to	 the	 mean	 RT.	 As	 can	 be	 seen,	 RTs	increase	as	eccentricity	of	the	target	position	increases.		
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Experiment	2-	Discussion	
Experiment	2	 replicates	 the	 findings	 from	Experiment	1:	 	 crowding	does	not	produce	the	logarithmic	search	slope	functions	as	seen	by	the	better	fit	for	the	logarithmic	curve	in	both	display	types	for	each	lure.		As	has	been	previously	proposed	(Buetti	et	al.,	in	press),	logarithmic	search	slopes	are	most	likely	the	signature	of	an	unlimited	in	capacity,	parallel,	exhaustive	process.		Crucially,	as	in	Experiment	1,	traditional	interpretation	of	linear	search	slopes	 would	 indicate	 performance	 on	 this	 task	 was	 consistent	 with	 efficient	 search.	Furthermore,	these	results	demonstrate	the	contribution	of	variance	stage-one	processing	can	 have	 on	 RT	 performance.	 	 For	 instance,	 in	 Experiment	 2,	 using	 medium-	 and	 low-	similarity	 lure	objects,	 the	RT	performance	differed	on	 average	between	 the	highest	 and	the	 lowest	 set	 sizes	by	57	ms	 for	 the	yellow	 triangles	 and	22	ms	 for	 the	blue	 circles.	 	 In	Experiment	 1,	 this	 difference	 was	 larger	 in	 the	 orange	 diamonds	 conditions.	 	 RT	performance	differed	on	average	between	94	ms	in	the	orange	diamond	condition	and	by	53	ms	in	the	yellow	triangle	condition	(a	similar	finding	to	Experiment	2).		The	 results	 replicate	 the	 previous	 findings:	 	 logarithmic	 slopes	 provide	 meaningful	information	 about	 the	 efficiency	 of	 the	 processing,	 and	 are	modulated	 by	 the	 lure-target	similarity	(Buetti	et	al.,	 in	press).	 	The	yellow	triangles	had	larger	logarithmic	slopes	than	the	 blue	 circles.	 	 Interestingly,	 in	 Experiment	 2	with	 the	 use	 of	 less-similar	 items	 to	 the	target	than	Experiment	1,	the	crowding	effect	was	attenuated:	 	crowding	contributed	less	to	the	RT	performance	results.		These	results	are	in	line	with	previous	studies	finding	non-target	similarity	can	affect	crowding	(Ester	et	al.,	2015;	Kooi,	Toet,	Tripathy,	&	Levi,	1994;	Nazir,	1992;	Põder,	2007;	Scolari	et	al.	2007;	Zahabi	&	Arguin,	2014)	with	a	reduction	 in	
	 45	the	 crowding	 effect	with	more	dissimilar	 non-target	 items.	 	 Scolari	 et	 al.	 (2007)	 found	 a	reduction	 in	 critical	 spacing	during	pop-out	 search	 tasks	compared	 to	other	 search	 tasks	like	a	conjunction	search.	 	Thus,	the	absence	or	reduction	of	a	crowding	effect	 in	pop-out	search	would	be	in	line	with	previous	findings.		This	finding	suggests	the	Grid	displays	have	sufficient	 in	 the	 inter-item	 distance	 to	 minimize	 the	 contribution	 of	 crowding	 in	 low-similarity	conditions.		In	 line	with	 the	 results	 from	Experiment	1,	 the	 target	only	 condition	had	evidence	 in	favor	of	its	inclusion	of	the	logarithmic	search	slopes	from	the	pBIC	analyses.		Interestingly	the	 exploratory	 analysis	 suggested	 no	 reliable	 difference	 between	 the	 two	 target	 only	conditions.		A	shift	in	the	target	only	condition	may	indicate	a	change	in	the	overall	decision	process	 of	 similarity:	 such	 that	 when	 subjects	 learn	 through	 progressing	 through	 the	experiment,	that	the	lures	are	of	medium-	to	low-	similarity	subjects	are	more	liberal	in	the	decision	that	an	item	is	a	target.	 	 Interestingly,	the	effect	of	eccentricity	was	replicated	in	Experiment	 2,	 with	 significant	 effects	 of	 eccentricity	 in	 both	 the	 Grid	 and	 Concentric	displays.	 	The	 finding	of	 the	eccentricity	effects	 in	 the	absence	of	strong	crowding	effects	suggests	eccentricity	can	impact	RT	performance	even	when	the	contribution	of	crowding	is	minimized.		 	
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Experiment	3-	Methods	
The	 role	 of	 similarity	 on	 the	 strength	 of	 crowding	 has	 been	 evaluated	 previously	(Andriessen	&	Bouma,	1976;	Ester	et	al.,	2015;	Kooi,	et	al.,	1994;	Nazir,	1992;	Põder,	2007;	Zahabi	&	Arguin,	2014).	 	Previous	findings	have	suggested	in	pop-out	search,	the	effect	of		crowding	is	reduced	(Kooi	et	al.,	2007;	Põder,	2007)	or	there	is	a	reduction	in	the	critical	spacing	(Scolari	et	al.,	2007).		One	benefit	to	our	previous	studies	on	stage-one	processing	is	the	parametric	manipulation	of	the	lure-target	similarity	(Buetti	et	al.,	in	press;	Madison,	VSS	2014,	2015).	 	 In	Experiment	3	the	role	of	 lure-target	similarity	was	explored	further,	and	aimed	to	provide	better	evidence	of	 the	effect	of	similarity	on	crowding	strength.	 	 In	Experiment	3,	high	 lure-target	similarity	 items	(orange	diamonds)	were	used	among	 low	lure-target	similarity	items	(blue	circles).		This	provided	sampling	of	two	different	ends	of	lure-target	similarity	 than	the	Experiment	1	&	2.	 	This	difference	 in	 lure-target	similarity	should	allow	for	a	better	comparison	of	similarity’s	affect	on	crowding	in	our	displays	by	sampling	 from	 the	 extremes	 of	 similarity	 space.	 	 Given	 the	 results	 of	 Experiment	 1	 and	Experiment	2,	we	expect	to	find	crowding	to	contribute	more	to	RT	in	the	orange	diamond	Grid	conditions	compared	to	the	blue	circle	Grid	conditions.		In	addition,	if	the	target	only	condition	 is	 related	 to	bias	participants	have	 in	 their	 response	 to	 the	 target,	 a	difference	should	be	seen	between	the	two	target	only	conditions	as	a	result	of	the	inclusion	of	high	similarity	 objects	 in	 the	 display	 that	 would	 force	 subjects	 to	 have	 a	 more	 conservative	decision	bias.		
Subjects.	 	 	Data	from	twenty	new	subjects	from	the	same	population	as	Experiment	1	and	Experiment	2	and	who	met	 the	same	performance	criteria	 the	previous	experiments	
	 47	were	 analyzed.	 	 Subjects	with	 accuracy	below	90%	or	who	had	mean	RTs	higher	 than	2	times	the	standard	deviation	of	the	mean	for	the	group	were	replaced.		This	resulted	in	two	subjects	being	replaced;	one	subject	was	replaced	for	excessive	RT	and	another	subject	for	high	error	rates.			
Apparatus	and	stimuli.				The	set	up	this	experiment	was	the	same	as	previous	with	the	type	of	non-target	items	being	different.		Lure	objects	in	this	experiment	could	either	be	the	orange	diamonds	used	in	Experiment	1	or	blue	circles	triangles	used	in	Experiment	3.		
Procedure.	 	The	procedure	was	the	same	as	Experiment	1	and	Experiment	2,	subjects	searched	for	a	red	triangle	and	responded	to	the	orientation	of	the	triangle	target	(left	or	right	facing)	using	the	left	and	right	arrow	keys	and	with	the	pointer	and	middle	fingers	of	their	right	hand.		
Design.	 	 The	 display	 type	 (Grid	 vs.	 Concentric),	 lure	 set	 size	 (0,1,4,9,19,31)	 and	 lure	type	(orange	diamonds	vs.	blue	circles)	were	manipulated	within-subjects.		Trial	conditions	were	 randomized	 for	 each	 subject	 and	 subjects	 were	 allowed	 to	 take	 a	 break	 every	 77	trials.		Participants	completed	22	target-only	trials	for	each	display	arrangement	(a	total	of	44	 total	 target-only	 trials),	 and	 44	 trials	 each	 of	 the	 other	 conditions,	 for	 a	 total	 of	 924	experimental	trials.		 	
	 48	
Experiment	3-	Results	
Search	slopes.			As	in	the	previous	experiments,	the	search	slope	by	each	display	type	and	for	both	 lure	types	was	evaluated	by	comparing	the	R2	of	 the	best	 fitting	 logarithmic	and	linear	set	size	x	RT	function.		As	in	Experiment	1	and	Experiment	2,	the	search	slopes	were	best	approximated	by	logarithmic	search	functions	for	both	the	Concentric	and	Grid	display	(see	Table	3).	 	For	orange	diamond	Concentric	displays,	the	R2	for	the	logarithmic	fit	was	R2	=	0.9711	compared	to	the	linear	fit	of	R2	=	0.7899.		Similarly,	the	blue	circles	had	a	larger	R2	for	the	logarithmic	fit	(R2	=	0.5578)	compared	to	the	linear	fit	(R2	=	0.3966).		For	orange	diamond	Grid	displays,	the	R2	for	the	logarithmic	fit	was	R2	=	0.9896	compared	to	the	linear	fit	 of	 R2	 =	 0.8500.	 	 The	 blue	 circle	 Grid	 displays	 had	 larger	 R2	 for	 the	 logarithmic	 fit															(R2		=	9485)	compared	 to	 the	 linear	 fit	 (R2	=	0.6857).	 	The	 linear	search	slopes	computed	across	 the	entire	set	size	 for	both	display	 types	(Grid	vs.	Concentric)	and	both	 lure	 types	were	consistent	with	efficient	search		(<10	ms/item;	Treisman	&	Gelade,	1980;	Treisman	&	Sato,	 1990;	Wolfe,	 1998).	 	 In	 the	 analyses	 outlined	 below,	 unless	 specified	 included	 the	target	only	datum.		
Reaction	 Time.	 	 The	 effect	 of	 crowding	 on	 search	 efficiency	 was	 evaluated	 using	 a	2x2x5	within-subjects	repeated	measures	ANOVA	with	display	type,	lure	type	and	set	size	as	within-subject	factors	on	correct	RTs	(excluding	the	target	only	condition).		Importantly,	the	 display	 type	 modulated	 the	 steepness	 of	 the	 logarithmic	 functions,	 such	 that	 Grid	display	 arrangement	 had	 longer	 RTs	 than	 the	 Concentric	 display,	 F(1,	 19)	 =	 16.577,	 p	 =	0.001,	Cohen’s	f=	0.9342.		Furthermore,	the	lure-target	similarity	modulated	RTs	such	that	orange	 diamonds	 produced	 steeper	 logarithmic	 functions	 than	 blue	 lures,	 F(1,	 19)=	
	 49	115.517	 ,	 p	 <	 0.001,	 Cohen’s	 f=	 2.468.	 	 As	 was	 previously	 found	 in	 Experiment	 1	 and	Experiment	 2,	 RT	 increased	monotonically	with	 set	 size,	 F(1.494,	 28.386)=	 	 14.447,	 p	 <	0.001,	Cohen’s	 f	 =	0.8721.	 	 Critically,	 the	 lure	 type	by	 set	 size	 interaction	was	 significant	indicating	 that	 different	 levels	 of	 lure-target	 similarity	 produce	 different	 levels	 of	processing,	 F(1.963,	 37.298)=	 10.501,	 p	 <0.001	 ,	 Cohen’s	 f	 =	 0.7435.	 	 Interestingly,	 the	interaction	between	lure	type	and	display	type	was	marginally	significant,	F(1,	19)=	3.437	,	p	 	 =	 0.079,	 Cohen’s	 f	 =	 0.4250,	 suggesting	 different	 levels	 of	 lure-target	 similarity	 may	produce	different	levels	of	crowding		The	remaining	two-way	(display	type	x	set	size)	and	three-way	(lure	type	x	display	type	x	set	size)	interactions	were	not	significant	(F<2	and	p	>	0.190).	
Paired	t	tests	were	conducted	on	the	logarithmic	slopes	of	each	display	type	to	test	the	effect	 of	 lure-target	 similarity.	 	 Logarithmic	 search	 slopes	were	 fitted	 for	 each	 individual	and	 included	the	target	only	condition.	 	Across	both	display	types,	 the	 logarithmic	slopes	were	modulated	by	the	lure-target	similarity.		For	the	Grid	display,	the	logarithmic	slope	of	the	 orange	 diamond	 lures	 (40.3	 ms	 per	 log	 unit)	 was	 significantly	 larger	 than	 the	logarithmic	 slope	 of	 blue	 circle	 lures	 (11.5	 ms	 per	 log	 unit)	 (t(19)=	 8.401,	 p	 <	 0.001,		Cohen’s	f	=	0.8002).		Correspondingly	in	the	Concentric	display,	the	logarithmic	slope	of	the	orange	diamond	lures	(28.8	ms	per	log	unit)	was	significantly	larger	than	the	logarithmic	slope	of	the	yellow	triangle	lure	(6.07	ms	per	log	unit)	(t(19)	=	7.157,	p	<	0.001,	Cohen’s	f	=	0.9393).	 	 Crucially,	 paired	 t	 tests	 were	 conducted	 for	 each	 lure	 type	 between	 the	 two	display	 types	 to	 explore	 any	 differences	 in	 search	 efficiency	 due	 to	 crowding.	 	 If	 the	strength	of	crowding	is	affected	by	lure-target	similarity	an	effect	of	the	display	type	on	the	logarithmic	slopes	in	the	high-similarity	lure	condition	(orange	diamond	lures)	and	not	in	
	 50	the	 low-similarity	 condition	 should	be	 found.	 	The	paired	 t	tests	 revealed	 the	Concentric	display	 produced	more	 efficient	 logarithmic	 slopes	 than	 the	 Grid	 display	 for	 the	 orange	diamond	 lures	 (t(19)	 =	 3.890,	 p	 =	 0.001,	 Cohen’s	 f	 =	 0.4349),	 but	 not	 for	 the	 blue	 circle	lures	 (t(19)	 =	 1.705,	 p	 =	 0.105,	 Cohen’s	 f	 =	 0.1906).	 	 An	 exploratory	Bayes	 paired	 t	 test	between	the	two	display	types	for	the	orange	lure	logarithmic	slopes	suggested	very	strong	evidence	in	favor	of	a	difference	between	the	two	logarithmic	slopes	(Grid	vs.	Concentric)	with	 BF10	 =	 37.05	 ±	 2.06	 x	 10-6.	 	 Meanwhile,	 there	 was	 inconclusive	 evidence	 in	 the	comparison	of	the	logarithmic	slopes	in	the	blue	circle	condition	between	the	two	display	types,	BF10	=	0.7915	±	2.55	x	10-5	(Wetzel	et	al.,	2011).			
	Exploratory	analysis	of	target	only	conditions.		An	exploratory	analysis	of	the	target-only	condition	was	conducted	to	evaluate	the	differences	in	the	target	only	condition	as	a	function	of	global	similarity	of	 the	task	set	(orange	diamonds	and	blue	circles).	 	The	only	difference	 between	 the	positions	 of	 the	Grid	 and	Concentric	 display	 arrangements	 is	 the	eccentricity	 of	 the	 positions	 possible	 for	 an	 item.	 	 A	 difference	 between	 the	 two	 display	target-only	 conditions	 here	 may	 indicate	 evidence	 of	 a	 shift	 in	 the	 overall	 decision	threshold	for	the	target.	 	The	Concentric	displays	are	more	prone	to	a	shift	in	eccentricity	compared	to	the	analog	position	in	the	Grid	display,	thus	would	require	more	processing	of	the	target	only	conditions.		Paired	t	tests	were	used	to	compare	the	target	only	conditions	for	 the	 two	 display	 types:	 	 the	 Concentric	 display	 target	 only	 condition	was	 numerically	larger	 (497.9	 ms)	 larger	 by	 15.3	 ms	 than	 the	 Grid	 display	 (482.7	 ms),	 but	 not	 reliably	different	 (t(19)	=	1.236,	p	=	0.232,	Cohen’s	 f	=	0.1382).	 	The	difference	between	 the	 two	display	 target-only	 conditions	 found	 here	 in	 Experiment	 3	 (15.3	ms)	 fall	 in	 between	 the	differences	 between	 the	 two	 analogous	 conditions	 in	 Experiment	 1	 (32.3	 ms)	 and	
	 51	Experiment	2	(1.08	ms).		A	Bayes	t	test	conducted	on	the	target	only	conditions	indicated	a	Bayes	 factor	 of	 BF10	=	 0.45	 x	 1.3	 x	 10-4	 or	 anecdotal	 evidence	 in	 favor	 of	 no	 difference	between	the	two	conditions.		
	
	
Table	3.	The	linear	(in	ms/item)	and	log	slopes	(in	ms/log	unit)	results	for	each	lure	and	display	types	are	shown	with	the	corresponding	R2	for	Experiment	3.		The	linear	and	log	slopes	are	shown	computed	with	and	without	including	the	target	only	condition.	 	
	 Linear	Search	Slope	 Log	Search	Slope	
	 With	Target	Only	 R2	 Without	Target	Only	 R2	 With	Target	Only	 R2	 Without	Target	Only	 R2	
O
ra
ng
e	
Lu
re
s	 Grid	Display	 4.12	 0.8500	 3.42	 0.9189	 40.33	 0.9896	 39.26	 0.9816	
Concentric	Display	 2.86	 0.7899	 2.43	 0.7785	 28.78	 0.9711	 29.93	 0.9548	
Bl
ue
	L
ur
es
	 Grid	Display	 1.08	 0.6857	 0.77	 0.7992	 11.48	 0.9485	 9.39	 0.9609	
Concentric	Display	 0.56	 0.3966	 0.49	 0.2994	 6.07	 0.5578	 6.88	 0.4752	
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Figure	 7.	 Search	 performance	 as	 a	 function	 of	 display	 type,	 set	 size	 and	 lure-target	similarity	on	Experiment	3	using	orange	diamonds	and	blue	circles.	Error	bars	indicate	the	standard	error	of	the	mean.	Panel	A.	Search	performance	is	shown	plotted	on	a	linear	scale	for	set	size	and	shows	a	logarithmic	relationship	between	the	total	number	of	items	on	the	display	and	RT	(ms).	Panel	B.	Shows	the	same	data	plotted	on	logarithmic	scale	for	set	size	with	the	corresponding	total	set	size	conditions	as	labels.	 	
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Inclusion	 of	 target	 only	 condition.	 	 For	 consistency	 the	 pBIC	 analysis	 of	 the	logarithmic	 search	 function	 was	 completed	 as	 in	 Experiment	 1	 and	 2,	 using	 the	 same	analysis	 as	 in	 the	 prior	 experiments.	 	 First,	 each	 lure	 logarithmic	 intercepts	 for	 every	individual	 for	 both	 display	 types	 were	 calculated	 without	 including	 the	 target	 only	condition.	 	 First,	 the	 two	 lure	 logarithmic	 intercepts	 	 (for	 two	 levels	 of	 lure-target	similarity)	 within	 each	 display	 type	 were	 compared	 (i.e.	 Grid	 Blue	 to	 Concentric	 Blue).		Next,	for	each	display	and	lure	type	the	lure	logarithmic	intercepts	were	compared	to	the	corresponding	 target	 only	 condition.	 	 These	 analyses	 aim	 to	 provide	 the	 reader	 with	evidence	 of	 inclusion	 of	 the	 target	 only	 condition	 by	 providing	 sufficient	 evidence	 the	logarithmic	intercepts	do	not	differ	from	the	target	only	conditions.		This	type	of	evidence	cannot	 be	 cannot	 be	 sufficiently	 demonstrated	 with	 traditional	 null	 hypothesis	 testing	(Masson,	2011).		Evidence	in	favor	of	HO	indicates	evidence	in	favor	of	no	difference	and	HA	evidence	in	favor	of	a	difference.		
Evaluation	of	the	hypothesis	the	two	lure	functions	within	a	display	type	do	not	differ	in	the	 point	 of	 convergence	 was	 tested	 by	 comparing	 the	 two	 observed	 lure	 logarithmic	intercepts	for	each	display	type	(Grid	and	Concentric)	against	each	other.		In	other	words,	logarithmic	intercepts	from	the	orange	and	blue	lures	were	compared	for	the	Grid	display	and	 then	 for	 the	 Concentric	 display.	 	 The	 results	were	 the	 same	 for	 both	 display	 types;	there	was	positive	evidence	in	favor	of	no	difference	in	convergence	between	the	two	levels	of	lure-similarity.		The	orange	lure	logarithmic	intercept	and	blue	lure	logarithmic	intercept	were	 not	 different	 in	 the	 Grid	 display,	 P(HO|D)	 =	 0.8049	 with	 P(HA|D)	 =	 0.1951	 ,	 and	Concentric	display,	P(HO|D)	=	0.8155	with	P(HA|D)	=	0.1845.		
	 54	Finally,	 the	 evaluation	 of	 the	 lure	 logarithmic	 intercepts	 (observed)	 and	 the	corresponding	 target	 only	 conditions	 (expected)	 were	 completed	 to	 demonstrate	 the	appropriateness	 of	 the	 inclusion	 in	 the	 search	 slope	 calculations.	 	 Overall,	 the	 results	suggest	 the	 target	 only	 conditions	 should	 be	 included	 in	 the	 logarithmic	 search	 slopes.		Both	 lure	 logarithmic	 intercepts	 in	 the	 Concentric	 displays,	 orange	 diamonds	 and	 blue	circles,	 were	 found	 to	 have	 evidence	 in	 favor	 of	 no	 difference	 between	 the	 logarithmic	intercept	and	the	Concentric	target	only	condition.		There	was	positive	evidence	for	HO	for	both	 the	 orange	 diamonds,	 P(HO|D)	 =	 0.7823	 with	 P(HA|D)	 =	 0.2177,	 and	 blue	 circles,	P(HO|D)	=	0.7953	with	P(HA|D)	=	0.2047.	 	The	Grid	display	had	positive	evidence	 for	 the	orange	diamonds,	P(HO|D)	=	0.8098	with	P(HA|D)	=	0.1902,	and	weak	evidence	in	favor	of	no	difference	for	the	blue	circles,	P(HO|D)	=	0.6121	with	P(HA|D)	=	0.3879.		
Eccentricity	effects.		In	line	with	the	first	two	experiments,	the	effect	of	eccentricity	on	RT	was	evaluated.	 	Again,	we	collapsed	across	 set	 size	 (six	 levels),	 lure	 type	 (two	 levels)	and	 position	 in	 the	 display	 (36	 possible	 target	 locations)	 due	 to	 a	 low	 number	 of	observations	per	condition.		As	was	previously	done,	the	Grid	and	Concentric	displays	were	computed	separately.		There	was	on	average	about	13	observations	per	target	per	position	per	subject.		The	effect	of	eccentricity	was	evaluated	as	in	Experiment	1	and	Experiment	2,	testing	three	levels	of	eccentricity.		The	results	are	shown	in	Figure	8	and	Figure	9.			The	results	 indicated	 that	 eccentricity	had	a	 significant	 effect	 on	RT	 in	both	 the	Grid	display,	F(2,	38)	=	25.47	,	p	<	0.001,	Cohen's	f	=	1.158,	and	Concentric	display,	F(2,	38)=	,	p	<	0.001	,	Cohen's	 f	 =	 0.8783.	 Thus,	 targets	 at	 a	 larger	 eccentricity	 required	more	 processing	 than	objects	presented	at	a	smaller	eccentricity.	
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Figure	8.	As	shown	in	previous	figures,	performance	on	the	Grid	display	in	Experiment	3	as	a	function	of	eccentricity	 is	shown	as	mean	RT	(in	ms)	collapsed	across	 lure	type	and	set	size	 conditions.	 Each	 circle	 shows	 the	mean	RT	 (top	 number)	 and	 standard	 error	 of	 the	mean	 in	 ms	 (bottom	 number).	 The	 position	 of	 each	 circle	 corresponds	 directly	 to	 the	possible	 locations	of	the	Grid	display	with	the	jitter	removed.	The	diameter	of	each	circle	was	made	proportional	to	the	mean	RT.	As	can	be	seen,	RTs	increase	as	eccentricity	of	the	target	increases.		 	
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Figure	 9.	 	 As	 in	 the	 previous	 graphics,	 the	 performance	 on	 the	 Concentric	 display	 in	Experiment	3	as	a	function	is	shown	as	mean	RT	(in	ms).	The	results	are	collapsed	across	lure	type	and	set	size	conditions.	Each	circle	represents	the	mean	RT	in	ms	(top	number)	and	standard	error	of	the	mean	in	ms	(bottom	number)	for	each	location.	The	position	of	each	 circle	 corresponds	 directly	 to	 the	 possible	 locations	 of	 the	 Concentric	 search	 array	with	the	jitter	removed.	The	spacing	between	each	object	is	proportional	to	the	inter	object	distance	 in	 the	displays.	The	diameter	of	each	circle	was	made	proportional	 to	 the	mean	RT.	RTs	increase	as	eccentricity	of	the	target	position	increases.		
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Experiment	3-	Discussion	The	 results	 from	 Experiment	 3	 provide	 converging	 evidence	 of	 the	 minimal	contribution	of	 crowding	 in	 the	processing	of	 our	 search	displays.	 	 First,	 the	 logarithmic	search	slopes	were	the	best	fit	for	both	display	types	(Grid	and	Concentric)	for	the	orange	diamond	and	blue	circle	conditions	compared	to	a	linear	fit.		If	the	resolution	limitation	of	stage-one	 processing	was	 related	 to	 crowding,	 one	might	 expect	 the	 linear	 search	 slope	functions	 to	better	 fit	 the	data	once	crowding	 is	minimized.	 	Experiment	3	 replicates	 the	finding	 of	 the	 lure-target	 similarity	modulating	 the	 logarithmic	 search	 slope.	 Thus,	more	processing	 (or	 evidence)	was	 required	 for	 orange	 diamonds	 compared	 to	 blue	 circles	 to	reach	a	decision	about	whether	the	item	is	a	target	or	not.		
In	 Experiment	 3,	 lure-similarity	 affected	 the	 strength	 of	 crowding	 in	 line	 with	previous	findings	(Ester	et	al.,	2015;	Kooi	et	al.,	1994;	Nazir,	1992;	Põder,	2007;	Zahabi	&	Arguin,	2014).		Thus,	the	evaluation	of	the	contribution	of	crowding	using	stimuli	with	lure-target	similarity	from	different	ends	of	similarity	space	suggests	the	display	manipulation	was	 indeed	 influencing	what	would	traditionally	be	considered	 ‘crowding’.	 	The	marginal	interaction	between	display	type	and	lure	type	suggests	a	difference	in	the	contribution	of	crowding	 on	 RT	 This	 is	 seen	 in	 the	 reliable	 difference	 found	 for	 the	 orange	 logarithmic	slopes	 between	 Grid	 and	 Concentric	 conditions	 and	 is	 evident	 in	 the	 effect	 of	 crowding	found	 in	 the	 high-similarity	 (orange	 diamond)	 versus	 low-similarity	 (blue	 circle)	 lure	conditions.		The	failure	to	reject	the	null	hypothesis	is	not	evidence	in	favor	of	it,	so	a	follow	up	Bayes	paired	t	test	was	conducted	for	each	lure	type.	Thus,	one	may	expect	with	a	more	dissimilar	 lure	object	a	reduction	 in	crowding	might	be	 found	and	may	be	 the	result	of	a	reduction	 in	 critical	 spacing	 (Scolari	 et	 al.,	 2007).	 	 A	 reduction	 in	 critical	 spacing	 as	 a	
	 58	function	of	 lure-target	 similarity	 such	 that	 crowding	plays	a	 similar	 role	 in	both	 the	Grid	and	 Concentric	 displays	 and	 suggest	 at	 least	 in	 low	 lure-target	 conditions	 crowding	 is	contributing	little	to	RT	performance.	
Additionally,	 the	 finding	 of	 the	marginally	 significant	 interaction	 between	 display	type	 and	 lure	 type	 in	 this	 Experiment	 3	 may	 be	 evidence	 in	 favor	 of	 the	 lure-target	similarity	 modulating	 crowding	 as	 well.	 	 In	 terms	 of	 additive	 effects	 logic,	 lure-target	similarity	 would	 affect	 both	 the	 screening	 stage	 and	 the	 influences	 the	 stage	 where	crowding	 occurs.	 	 The	 pBIC	 analyses	 regarding	 the	 target	 only	 condition	 and	 the	 lure	logarithmic	 intercepts	 suggest	 strong	 evidence	 for	 the	 inclusion	 of	 the	 condition	 when	calculating	 the	 logarithmic	 search	 slopes.	 	 Additionally,	 it	 provides	 strong	 evidence	 the	target	only	condition	 is	a	good	baseline	of	 the	non-perceptual	processes	such	as	decision	response.	 	The	exploratory	analysis	of	 the	 target	only	condition	between	 the	 two	display	types	 provided	 evidence	 in	 line	 with	 the	 idea	 of	 the	 target	 only	 condition	 also	 includes	some	estimate	of	the	bias	of	subjects	Reponses	to	the	target.	 	 In	Experiment	2	using	low-lure	similarity	non-target	objects,	subjects	may	have	tended	to	be	liberal	with	evidence	of	the	 target;	whereas	 in	Experiment	1	 and	3,	with	 the	 inclusion	of	 the	high-lure	 similarity	objects,	subjects	may	have	been	more	conservative	with	responses	to	targets.			
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General	Discussion	Three	 experiments	were	 conducted	 to	 evaluate	 the	 contribution	 of	 crowding	 in	 a	previously	used	pop-out	discrimination	task.		Two	displays	arrangements	were	used	which	differed	 in	 spatial	 arrangement	 to	manipulate	 inter-item	 distance	 to	 test	 the	 hypothesis	that	crowding	was	limitation	of	resolution	in	stage-one	processing.	 	Lure-target	similarity	was	 manipulated	 across	 the	 three	 experiments,	 which	 produced	 converging	 results:	 (1)	Logarithmic	search	slopes	were	found	in	both	display	types.	 	That	is,	when	crowding	was	minimized,	the	search	slopes	were	the	best	fit	by	a	logarithmic	search	slope	and	not	a	linear	one.	 	 (2)	Crowding	appears	 to	have	an	additive	effect	on	Attentive	Screening,	while	 lure-target	 similarity	 appear	 to	 influence	 both	 Attentive	 Screening	 and	 crowding	 (Sternberg,	1969).	 	 The	 results	 are	 in	 line	 with	 previous	 findings	 that	 evaluated	 the	 similarity	 of	flanking	 items	on	 recognition	 of	 a	 target:	 	 items	with	 higher	 similarity	 produce	 stronger	effects	of	crowding	(Andriessen	&	Bouma,	1976;	Ester	et	al.,	2014,	2015;	Kooi	et	al.,	1994;	Nazir,	1992).		Lures	with	high-to-medium	similarity	(Experiment	1)	had	a	larger	crowding	effect	than	items	with	medium-to-low	similarity	(Experiment	2).	 	Experiment	3	replicated	the	effect	of	 similarity	on	crowding	using	 lures	 from	desperate	ends	of	our	experimental	similarity	 space	 (orange	 diamonds	 and	 blue	 circles).	 	 The	 results	 indicated	 an	 effect	 of	crowding	with	more	similar	lures	(orange	diamonds),	but	no	reliable	effect	with	dissimilar	lures	 (blue	 circles).	 	 (3)	 Eccentricity	 may	 be	 the	 resolution	 limitation	 in	 stage	 one	 that	hinders	 our	 ability	 to	 represent	 information	 at	 locations	 farther	 in	 eccentricity.		Eccentricity	effects	were	found	in	all	three	experiments	and	across	varying	levels	of	critical	spacing,	 suggesting	 even	 when	 spatial	 interactions	 are	 controlled	 for	 eccentricity	 still	affects	RT.		
	 60	The	purpose	of	this	study	was	to	demonstrate	previous	logarithmic	increases	in	RT	performance	using	the	Grid	display	were	not	the	result	of	crowding	within	the	display,	but	an	 underlying	 resolution	 limitation	 in	 stage-one	 processing.	 	 Previous	 findings	 using	displays	traditionally	considered	to	elicit	pop-out	search	suggest	the	crowding	effect	(Kooi	et	al,	1994;	Põder,	2007)	or	the	size	of	critical	spacing	is	reduced	(Scolari	et	al.,	2007).		The	linear	search	slopes	from	all	three	experiments	are	consistent	with	traditional	pop-out	or	efficient	search	findings	(Treisman	&	Gelade,	1980;	Treisman	&	Gormican,	1988;	Treisman	&	 Sato,	 1990).	 	 Probabilistic	 substitution	 accounts	 of	 crowding	 have	 shown	 that	 the	crowding	 effect	 is	 reduced	 for	 pop-out	 search	 tasks	 compared	 to	 a	 non-pop-out	 search	tasks.		
					
Pelli	&	colleagues	(2004)	suggest	crowding	occurs	after	features	have	been	detected	and	during	the	feature	integration	stage,	or	stage-two	processing.		They	argue	that	when	a	single	feature	or	course	discrimination	can	be	made	based	on	a	single	feature,	for	instance	the	 color	 red,	 that	 task	performance	would	be	 “immune”	 to	 crowding	 (Pelli	 et	 al.,	 2004).		Another	 proponent	 of	 pooling	 models,	 Rosenholtz	 et	 al.,	 (2012a,b)	 correlated	 subjects	visual	 search	 performance	 on	 several	 types	 of	 search	 tasks	 with	 performance	 on	 a	discrimination	task	of	“mongrels”	generated	by	their	computational	pooling	model,	Texture	Tiling	Model	(Rosenholtz	et	al.,	2012a,b).		Mongrels	are	the	visual	representation	output	of	a	 broad	 range	 of	 summary	 statistics	 postulated	 to	 occur	 as	 a	 result	 of	 compulsory	averaging	 (Balas,	Nakano	&	Rosenholtz,	 2009).	 	Mongrels	 generated	on	 tasks	 considered	producing	 efficient	 search	 (with	 shallow	 linear	 search	 slopes)	 had	 easy	 discrimination	between	mongrels	 that	 contained	 the	 target	 (distractors	+	 target)	 and	mongrels	 that	did	
	 61	not	 contain	 the	 target	 (distractors	 only).	 	 	 Mongrel	 generated	 on	 tasks	 considered	producing	 inefficient	 search	 (with	 steep	 linear	 search	 slopes)	 had	 worse	 discrimination	performance.		This	framework	suggests	when	a	target	has	large	deviations	in	features	from	the	 target,	 such	 as	 in	 pop-out	 where	 the	 target	 has	 a	 unique	 feature,	 the	 output	 of	 the	statistical	averaging	would	contain	the	unique	feature.		Our	results	here	are	consistent	with	this	proposal,	but	suggest	top-down	influences	can	modulate	crowding	by	similarity	even	in	simple	discrimination	tasks.		
Similarly,	the	resolution	of	attention	theory	of	crowding,	as	suggested	by	Intriligator	&	Cavanagh	(2001),	posit	 tasks	that	allow	for	selection	based	on	feature	and	not	 location	have	 a	 reduction	 in	 crowding.	 	 Recently,	 van	 den	 Berg	 &	 colleagues	 created	 a	neurophysiologically	plausible	model	of	crowding	using	population	coding	(van	den	Berg,	Roerdink	&	Cornelissen,	2010).		The	population-coding	model	nicely	predicts	fundamental	properties	of	crowding,	including	critical	spacing	and	compulsory	averaging.		Although	this	model	cannot	account	for	target-flanker	similarity,	the	authors	suggest	that	integration	of	feedback	connections	would	reduce	the	integration	of	dissimilar	information	by	inhibition	and	would	produce	the	similarity	effects.	Furthermore,	probabilistic	substitution	accounts	of	 crowding	 have	 shown	 that	 the	 crowding	 effect	 is	 reduced	 for	 pop-out	 search	 tasks	compared	 to	 a	 non-pop	 out	 search	 tasks	 as	 since	 a	 decrease	 in	 the	 number	 of	 reported	errors	around	the	distractor	orientation.		
	 Across	 the	 three	 experiments	 we	 manipulated	 the	 of	 lure-target	 similarity.	 	 The	results	 from	Experiment	 3	 suggest	 trials	with	 items	 of	 high	 lure-target	 similarity	 have	 a	larger	 contribution	 of	 crowding	 in	 RT	 performance	 (although	 the	 contribution	 is	 small)	compared	to	low	lure-target	similarity	trials.		In	Experiment	1,	when	target	similarity	was	
	 62	high,	 crowding	was	possible	 in	 the	Grid	display	and	produced	 longer	RT	and	steeper	 log	slopes.	 	 Experiment	 2	 had	 little	 to	 weak	 evidence	 of	 a	 difference	 between	 the	 RT	performance	 in	 the	 Grid	 and	 Concentric	 display	 using	 medium-	 to	 low-similarity	 lures.		Whereas,	Experiment	3	provided	converging	evidence	of	 the	role	of	 lure-target	similarity	on	 Screening	 and	 crowding.	 	 These	 results	 suggest	 that	 different	 levels	 of	 lure-target	similarity	 can	 be	 prone	 to	 different	 levels	 of	 crowding	 effects.	 	 This	 finding	may	 be	 the	result	of	 top	down	 influences	 that	occur	early	 in	visual	cortex	 influencing	 the	strength	of	crowding.	 	 The	 locus	 of	 crowding	 is	 still	 not	 well	 understood	 and	 is	 debated	 in	 the	literature,	 but	 has	 been	 speculated	 to	 occur	 beyond	 V1	with	many	 suggesting	 V4	which	contains	large	enough	receptive	fields	(Whitney	&	Levi,	2011;	Tripathy	&	Cavanagh,	2002;	van	den	Berg	et	al.,	2010).		Most	crowding	researchers	would	agree,	that	crowding	occurs	at	a	stage	later	than	V1	(Whitney	&	Levi,	2011;	Tripathy	&	Cavanagh,	2002;	van	den	Berg	et	al.,	2010).		Buetti	et	al.	(in	press)	argue	top-down	influences	from	the	target	representation	influence	 Screening	 as	 evident	 from	 the	 modulation	 of	 the	 logarithmic	 search	 slopes.		Gilbert	 &	 colleagues	 have	 demonstrated	 using	 single-cell	 recordings	 from	monkeys	 that	top-down	 influences	can	 influence	 the	selective	 tuning	of	neurons	 in	V1	 to	become	more	selective	 for	 target	 properties,	 such	 as	 redness	 in	 this	 experiment	 (Ito	 &	 Gilbert,	 1999).		Recently,	 van	 den	 Berg	 &	 colleagues	 created	 a	 neurophysiologically	 plausible	 model	 of	crowding	 using	 population	 coding	 (van	 den	 Berg,	 Roerdink	 &	 Cornelissen,	 2010).	 The	population-coding	 model	 nicely	 predicts	 fundamental	 properties	 of	 crowding,	 including	critical	spacing	and	compulsory	averaging.		Although	this	model	cannot	account	for	target-flanker	 similarity,	 integration	 of	 feedback	 connections	 would	 reduce	 the	 integration	 of	dissimilar	 information	 by	 inhibition	 and	 would	 produce	 the	 similarity	 effects.	 	 Pelli	 &	
	 63	colleagues	 (2004)	 suggest	 crowding	 can	 affect	 task	 performance	 only	 when	 the	 task	requires	integration	of	features.		Those	tasks	that	don’t	require	integration,	but	instead	can	be	 carried	 out	 through	 the	 detection	 of	 a	 unique	 feature,	 are	 otherwise	 immune	 from	crowding	effects.		Our	results	here	are	consistent	with	this	proposal,	but	suggest	top-down	influences	can	modulate	crowding	by	similarity	even	in	simple	discrimination	tasks.		This	is	in	 contradiction	 to	 Rosenholtz	 et	 al.	 (2012b),	 which	 proposes	 no	 role	 for	 top-down	selective	attention	in	early	vision	or	during	feature	detection.		
The	Grid	display	was	original	constructed	to	minimize	crowding,	but	did	not	satisfy	Bouma’s	 Law.	 	 Simulations	 of	 the	 likelihood	 of	 crowding	 in	 the	 Grid	 display	 given	 the	constraints	 of	 the	 layout	 of	 possible	 locations	 suggest	 low	probabilities	 of	 a	 target	 being	located	next	to	another	item.		This	probability	varied	with	set	size,	such	that	a	large	set	size	the	 target	 was	 more	 likely	 to	 be	 next	 to	 a	 non-target	 item	 as	 density	 increased	 in	 the	display.	 	 In	 the	target	only	condition,	 the	 target	could	not	spatial	 interact	with	any	other,	thus	 it	 serves	 a	 baseline	 to	 evaluate	 performance	 on.	 	 The	 probability	 of	 a	 target	 being	positioned	 next	 to	 another	 item	was	~0%	 for	 SS=2,	 4.67%	 for	 SS=5,	 17.79%	 for	 SS=10,	37.27%	for	SS=20,	and	53.67%	for	SS=32.	 	 In	general,	 the	probability	of	an	 item’s	spatial	interaction	with	the	target	was	low	for	set	sizes	2-10,	but	increased	in	the	higher	set	sizes.		Põder	 (2006)	 suggests	 increasing	 number	 of	 distractors	 when	 searching	 for	 a	 feature	singleton	target	for	both	orientation	and	letter	discrimination	task	results	in	a	reduction	of	crowding.		Following	this	finding,	we	might	expect	to	have	a	reduction	in	the	contribution	of	crowding	on	RT	at	higher	set	sizes.		
The	 exploratory	 analysis	 of	 the	 target	 only	 conditions	 indicated	 the	 difference	between	the	Grid	and	Concentric	display	performance	tracked	over	lure	similarity.		That	is,	
	 64	when	 the	 overall	 similarity	 of	 the	 lures	was	 high	 (Experiment	 1),	 the	 Concentric	 display	arrangement	had	a	longer	RT	than	the	Grid	display.		But	when	overall	similarity	of	the	lures	was	low	(Experiment	2),	the	two	target	only	conditions	were	no	different	from	each	other.		Furthermore,	 in	Experiment	3,	we	found	that	when	a	 low	similar	 lure	 is	presented	 in	the	context	of	a	high	similarity	 lure,	 the	difference	emerges	again.	 	The	 target	only	condition	here	may	track	any	bias	subjects	may	be	have	in	the	decision	to	act	on	the	evidence	that	is	accumulated.		
The	presence	of	eccentricity	effects	in	the	absence	of	crowding	effects	may	suggest	a	resolution	 limitation	 resulting	 from	 representations	 outside	 of	 the	 fovea.	 Carrasco	 and	colleagues	have	meticulously	documented	how	RT	can	have	a	 logarithmic	dependency	on	set	 size	 while	 controlling	 for	 eye-movements	 and	 under	 minimal	 crowding	 conditions	(Carrasco	 et	 al.,	 1995,	 1998).	 	 Carrasco	 and	 Frieder	 (1997)	manipulated	 the	 size	 of	 the	target	 in	 accordance	 the	 M-scaling	 factor	 to	 equate	 for	 the	 amount	 of	 activation	 or	representation	in	cortex	and	found	the	eccentricity	effects	were	eliminated.		Carrasco	and	Yeshurun,	 (1998)	 precued	 target	 location	 in	 a	 feature	 and	 conjunction	 search	 which	reduced	 the	 size	of	 the	 eccentricity	 effect.	 	 Thus,	 the	precuing	of	 the	 target	 location	may	enhance	spatial	resolution	at	the	target	location.		
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Limitations	It	 is	 possible	 subjects	 moved	 their	 eyes	 or	 prepared	 to	 move	 their	 eyes	 during	 the	search	 task.	 	 This	 behavior	would	 have	 had	 an	 effect	 on	 crowding	 as	 evidence	 has	 been	found	 that	para-saccade	and	saccadic	planning	can	 influence	critical	 spacing	 (Harrison	et	al.,	 2013).	 	This	 study	does	not	 include	eye-movement	methodologies	nor	was	 there	 any	instruction	 about	 participants’	 eye-movements.	 	 Thus,	 subjects	 were	 free	 to	 move	 their	eyes.		This	limits	the	inferences	that	can	be	drawn	from	these	results	in	that	if	participant	moved	 their	 eyes	 or	 prepared	 an	 eye-movement,	 display	 crowding	 would	 be	 directly	effected	by	the	preparation	of	that	eye-movement	(Harrison	et	al.,	2013).		It	is	important	to	note,	this	study	included	a	less	than	ideal	number	of	observations	per	condition	(<50)	due	to	 the	 number	 of	 conditions	 necessary	 for	 each	 experimental	 design.	 	 Furthermore,	 this	study	was	 no	 designed	 to	 evaluate	 the	 effect	 of	 eccentricity,	 thus	 a	 follow	 up	 study	 that	includes	the	inter-item	spacing	manipulation	as	well	as	target	location	manipulation	should	be	 conducted	 to	 explore	 the	 role	 of	 eccentricity	 on	 stage-one	 processing.	 	 Another	limitation	 of	 this	 study	 was	 the	 manipulation	 of	 the	 lure-target	 similarity.	 	 In	 all	 three	experiments,	 non-target	 objects	 were	 always	 homogenous	 or	 were	 all	 the	 same	 objects,	whereas	a	manipulation	of	heterogeneity	might	reveal	a	 larger	effect	of	crowding	 in	pop-out	search.	
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